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The effect of human behaviour can slow down the 







Table of Contents 
Acknowledgements ............................................................................ i 
Table of Contents ............................................................................. iii 
Summary ........................................................................................... vi 
List of Tables .................................................................................... ix 
List of Figures .................................................................................... x 
List of Equations ........................................................................... xvii 
List of Symbols ............................................................................. xviii 
Chapter 1 Introduction ...................................................................... 1 
1.1 Research Problem ..................................................................... 2 
1.2 Research Scope ........................................................................ 6 
1.3 Research Objectives .................................................................. 6 
1.4 Thesis Outline ............................................................................ 8 
Chapter 2 Literature Review ............................................................. 9 
2.1 Analysis Approach ................................................................... 11 
2.1.1 Theoretical Analysis .......................................................... 11 
2.1.2 Experimental Analysis ....................................................... 13 
2.1.3 Computational Analysis ..................................................... 24 
2.1.4 Combined Experimental and Computational Analysis ....... 33 
2.2 Parameterization ...................................................................... 39 
2.2.1 Ambient Environment ........................................................ 39 
2.2.2 Solar Chimney Design ....................................................... 40 
2.2.3 Interior Configuration ......................................................... 43 
2.3 Knowledge Gap ....................................................................... 44 
2.4 Hypothesis ............................................................................... 47 
Chapter 3 Pilot Study ...................................................................... 50 
3.1 Objectives ................................................................................ 50 
3.2 Experimental Methodology ....................................................... 51 
3.2.1 Solar Chimney ................................................................... 51 
3.2.2 Classroom A1-2 ................................................................. 57 
3.2.3 Classroom A2-1 ................................................................. 61 
3.3 Theoretical and Computational Methodology ........................... 63 
3.4 Results and Discussion ............................................................ 67 
3.4.1 Operability and Performance of Solar Chimney ................ 67 
3.4.3 Effects of Position of Solar Chimney’s Inlet ....................... 74 
3.4.3 Effects of Ambient Air Speed ............................................. 78 
3.4.4 Theoretical Analysis and Correlations Comparison ........... 81 
3.4.5 Validation of Experimental and Computational Results ..... 85 
3.4.6 Influences of Internal Heat Load ........................................ 94 
3.5 Recommendations and Modification to Hypothesis ................. 97 
  
iv 
3.5.1 Conclusions from Pilot Study at ZEB ................................. 98 
3.5.2 Modifications to Hypothesis ............................................. 103 
Chapter 4 Computational Methodology ....................................... 105 
4.1 Physical Model ....................................................................... 105 
4.2 Parameterization .................................................................... 108 
4.3 Computational Model ............................................................. 111 
4.3.1 Boussinesq Approximation and the Turbulence Model ... 111 
4.3.2 Solver of Computational Model ....................................... 115 
4.3.3 Boundary Conditions ....................................................... 116 
4.3.4 Convergence Criteria ...................................................... 118 
Chapter 5 Analysis and Discussions ........................................... 119 
5.1 Convergence Analysis ........................................................... 119 
5.2 Grid Independency Test ......................................................... 120 
5.3 Base Case Analysis ............................................................... 122 
5.2.1 Air Temperature and Speed within Solar Chimney .......... 123 
5.2.2 Air Temperature and Speed within Interior ...................... 125 
5.3 Parameterization Analysis ...................................................... 127 
5.3.1 The Effects of Solar Chimney’s Stack Height .................. 127 
5.3.2 The Effects of Solar Chimney’s Depth ............................. 128 
5.3.2 The Effects of Solar Chimney’s Width ............................. 131 
5.3.2 The Effects of Solar Chimney’s Inlet Position .................. 133 
5.4 Design and Optimization ........................................................ 136 
5.4.1 Dimensional Regression .................................................. 136 
5.4.2 Non-Dimensional Regression .......................................... 143 
5.4.1 Examples and Illustrations ............................................... 147 
Chapter 6 Conclusion ................................................................... 155 
6.1 Main Findings and Contributions ............................................ 155 
6.2 Limitations and Suggestions for Future Work ........................ 159 
Bibliography ................................................................................... 161 
Appendix A – Breakdown of Design Parameters ........................ 177 
Influence of Ambient Solar Irradiance .......................................... 177 
Influence of Ambient Air Speed .................................................... 179 
Influence of Ambient Air Temperature ......................................... 179 
Influence of Solar Chimney’s Stack Height .................................. 180 
Influence of Solar Chimney’s Depth ............................................. 181 
Influence of Solar Chimney’s Inclination Angle ............................ 183 
Influence of Area of Solar Chimney’s Inlet and Outlet .................. 185 
Influence of Solar Chimney’s Material .......................................... 185 
Influence of Inlet and Fenestration Positions ............................... 186 
Appendix B – Breakdown of Correlations ................................... 187 
Appendix C – Theoretical Analysis .............................................. 189 
Nomenclature ............................................................................... 189 
Energy Balance for Metal Surface ............................................... 190 
  
v 
Energy Balance for Fluid Medium ................................................ 191 
Energy Balance for Wall Surface ................................................. 191 
Combination into Matrix form ....................................................... 191 
Convective Heat Transfer Coefficient between Metal and Fluid ... 191 
Convective Heat Transfer Coefficient between Wall and Fluid .... 192 
Overall heat transfer coefficient between Metal and Ambient ...... 193 
Radiative heat transfer coefficient between Metal and Wall ......... 193 
Solar Irradiance absorbed by Metal ............................................. 193 
Mass flowrate of Fluid .................................................................. 193 
Appendix D – Dimensional Linear Regression Model ................ 194 
Nomenclature ............................................................................... 194 
Regression ................................................................................... 195 
Appendix E – Non-Dimensional Linear Regression Model ........ 200 
Nomenclature ............................................................................... 200 
Regression ................................................................................... 201 
Appendix F – Publications ............................................................ 206 







 The first objective determines the operability and performance of 
solar chimney in urban tropical setting. The second objective examines 
parameters that influence its performance while the third objective 
proposes an optimal design.  
Subjected to solar chimney, the interior air temperature and 
speed is hypothesized to depend on the ambient solar irradiance and 
air speed; solar chimney’s stack height, depth, width and inlet position; 
and interior heat load. As the influences of ambient air speed and solar 
chimney’s inlet position are debatable, a pilot study is conducted.  
 On hot days, pilot study shows the solar chimney’s operability 
with a 17oC ambient-solar chimney temperature difference; solar 
chimney air temperature of 47oC and speed of 1.9m/s. There is one to 
two hours positive interior air temperature time lag with a speed of 
0.49m/s. Acceptable thermal conditions from PMV analysis and 
perception studies prove the solar chimney’s performance. 
Experiments show that lowering its inlet position to 1.20m increases 
interior air speed to 0.60m/s. 
After model validation, simulations show that ambient air speed 
greater than 2.00m/s influence the solar chimney air speed. Comparing 
to zero ambient air speed, low ambient air speed does influence 
interior air speed although performance is comparable to cross 
ventilation. Between low and high ambient air speeds, high ambient air 
speed is significant at low ambient solar irradiance. Lastly, the 
  
vii 
presence of internal heat load up to 20W/m2 has limited influences on 
interior air temperature and speed. 
With dominant ambient solar irradiance and low ambient air 
speeds in the tropics, the hypothesis is modified from the pilot study: 
an interior subjected to solar chimney ventilation under strong tropical 
solar irradiance with no ambient air speed, the interior air temperature 
and speed depends on the solar chimney’s stack height, depth, width 
and inlet position.  
The base case (solar chimney’s stack height, depth and width of 
14.00m, 0.50m and 5.00m respectively with middle inlet position) 
shows that interior air temperature remains constant but increases 
along the solar chimney. The interior air speed concentrates from the 
fenestration towards the solar chimney’s inlet and increases towards 
the outlet.  
Parameterizations show that interior air temperature remains 
constant and the solar chimney’s width is the most significant factor 
influencing interior air speed. The length to hydraulic diameter ratio 
should be greater than 15 to ensure fully developed flow while the 
stack height to width ratio should be less than 7 for two-dimensional 
solar chimney airflow.  
The solar chimney’s inlet position has limited influence on 
interior air speed, although regions near its inlet show an increase 
which is consistent with pilot study results, and is removed from the 
regression models.  
  
viii 
Lastly, to optimize the solar chimney, first maximizes its width as 
the interior’s width. Secondly, maximizes its stack height as the 
building’s height while taking into account the length to hydraulic 
diameter ratio and stack height to width ratio. Lastly, its depth is 
calculated from the regression model by allocating the required interior 
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Chapter 1 Introduction 
 The employment of natural ventilation is almost as old as 
vernacular architecture. Examples include the wind assisted badgir or 
wind tower commonly used in the Middle East since 900 AD and the 
stack assisted chimneys developed since the Romans period, as seen 
in Figure 1-1.    
        
Figure 1-1: Located in Yazd, Iran, the 33m wind tower of Bagh-e Dowlat built in 
1747 (left; Giralt, 2007) and the chimneys of Thornbury Castle built in 1511 
(right; Pingstone, 2004)  
 In the industrialized 19th and 20th centuries, solar stack 
ventilation was developed further with the introduction of the Trombe-
Michel wall, modified Trombe wall and solar roof collector, shown in 
Figure 1-2. However, the popularizing of modern air-conditioning 
systems in the 1950s led to a period of relative limited interests.  
 
Figure 1-2: The Trombe-Michel wall (left), modified Trombe wall (center) and 
solar roof collector (right)  
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Figure 1-3: Solar chimneys of BRE Office Building in Garston, UK (left; Feilden 
Clegg Architects, 2010) and Lycee Charles de Gaulle French School in 
Damascus, Syria (right; Carboun, 2010)  
 With the dawn of the 21st century which brought along the issues 
of global warming and depleting oil crisis into worldwide attention, there 
is a renewed interest in passive building design which reduces energy 
consumption and the corresponding ecological footprint. The solar 
chimney, employing both solar stack-assisted and wind-assisted 
natural ventilation with the combined features of the Trombe wall, solar 
roof collector and wind tower, is gaining interests as an effective mean 
of heat removal. Recent examples (Figure 1-3) include the Building 
Research Establishment (BRE) Office Building, completed in 1996 and 
located in Garston, UK as well as the Lycee Charles de Gaulle French 
School, finished in 2008 and situated in Damascus, Syria.  
 
1.1 Research Problem 
 The principle of the solar chimney effect is a combination of 
solar stack-assisted and wind-driven ventilation. Air in the chimney 
expands due to heating from the sun and being relatively lighter, rises 
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out from the chimney outlets, drawing the cooler air into the building 
through the fenestrations. This pull effect is complemented further by 
the push effect from the ambient wind.  
 
Figure 1-4: Pressure difference due to stack effect  
 Mathematically, as seen in Figure 1-4, the stack pressure 
difference driving the air movement is governed by Equation 1-1, a 
combination of the different densities between the interior and exterior 
environment as well as the stack height.  
Equation 1-1: Pressure difference due to stack effect 






























 Assuming that air behaves like an ideal gas, it is clear from 
Equation 1-1 that the greater the stack height and temperature 
















assisted stack ventilation, the temperature difference is achieved from 
heat gained due to solar irradiance.    
 
Figure 1-5: Combined effects of stack and wind driven ventilation   
From Figure 1-5, if the relative positions of the openings are 
against the direction of the prevailing wind, the wind pressure will 
instead dampened the stack effects.  
 
Figure 1-6: Stack effect for similar temperature difference but different exterior 
temperatures  




















































Hence, the combination of stack-assisted ventilation and wind-
driven ventilation require appropriate design to ensure that the 
combined effects reinforce each other, where generally, the square of 
the combined air speed is the sum of the squares of the individual air 
speed due to stack and wind separately.  
 The underlying principle of the solar chimney is well understood. 
However, the state of the art research currently concentrates on the 
design aspect of the solar chimney and its performance under different 
climate.  
 The purpose of this study aims to examine the operability and 
performance of implementing solar chimneys in the hot, cloudy and 
humid tropics. This issue is interesting because solar chimney 
ventilation performs optimally not only when the temperature difference 
between the interior and exterior environments is great, but when the 
exterior temperature is low, as seen in Equation 1-1 and Figure 1-6. 
However, being in the tropics, the interior-ambient temperature 
difference in countries like Singapore is commonly close to zero, with a 
high exterior temperature of 30oC and beyond.  
 Furthermore, the relative humidity in the tropics frequently 
stands at 95%, rendering evaporative cooling of ambient air ineffective. 
Therefore, together with its cloudy and rainy weather condition, the 
tropical climate is not exactly supportive towards the implementation of 




1.2 Research Scope 
The scope of this study concentrates on assessing the 
performance of passive solar chimney in the hot and humid tropics. 
Hybrid mechanical-natural ventilation systems (Xu and Ojima, 2007; 
Haase and Amato, 2008) that employed fans or air-conditioning are not 
analyzed. This is achievable because solar chimney performs better 
when the ambient environment is under strong solar irradiance, the 
precise condition that requires greater air movement. In the event that 
solar irradiance is low and the thermal draft within the chimney is 
unable to induce air movement, the cool environment should be 
already thermally comfortable.  
Furthermore, solar chimney with additional features such as 
electrohydrodynamic enhancement (Kasayapanand, 2008) and 
evaporative cooling (Dai et al., 2003; Chungloo and Limmeechokchai, 
2009) are not considered.  
In addition, ongoing researches on Trombe-Michel walls and 
modified Trombe wall (Zalewski et al., 2002; Manz, 2003) as well as 
wind towers (Yaghoubi et al., 1991; Kalantar, 2009) are excluded. 
Lastly, similar research areas like atrium stack ventilation without solar 
irradiance (Hunt and Syrios, 2004; Syrios and Hunt, 2004) fall outside 
the current research scope. 
 
1.3 Research Objectives 
There are three objectives in this study. The first objective aims 
to determine the operability and performances of solar chimneys under 
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the hot and wet tropical weather conditions in an urban setting. Urban 
cities in the tropics like Singapore, Bangkok or Jakarta are 
characterized by intensive cloud cover, shading from trees and 
adjacent buildings which may have a negative impact on solar 
irradiance.  
A solar chimney is deemed operable when a significant 
temperature difference exists between its inlet and outlet. However, its 
performance depends on the ability of this thermal stack pressure to 
translate into air speed within the interior. The criteria for 20% 
acceptable PMV (Wang and Wong, 2006; Wang and Wong, 2007) is 
an upper limit of PMV = 1.1 (above 1.1 will be thermally too warm while 
below -1.3 is thermally too cold) based on Equation 1-2 according to 
thermal comfort studies for naturally ventilated buildings in Singapore. 
At the same time, Singapore’s Green Mark Scheme for buildings 
requires a minimum air speed of 0.60m/s for naturally ventilated interior 
space (BCA, 2010). 
Equation 1-2: Thermal Comfort PMV regression model 
)Speed Air(57889.0)Temp Air(4232.07853.11 −+−=PMV  
The second objective examines the various climatic and design 
parameters that influence the solar chimney’s performance in an 
attempt to gain better understanding of their relative importance under 
the tropical climate. Correlations and non-dimensional analysis will be 
further carried out to obtain simple relationships between design input 
parameters and outputs for design considerations. Finally, from the 
knowledge obtained, the third objective seeks to propose an optimal 
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solar chimney design that performs well under the hot and humid 
weather.  
 
1.4 Thesis Outline  
Chapter 1 provides the background on the relevance and 
importance of introducing solar chimneys into the built environment. 
The research problem is defined in this chapter together with the 
research objectives and scope.  
Chapter 2 covers the literature review on solar chimney 
research, introducing the state-of-the-art research on solar chimney 
ventilation as well as forming the hypothesis. Chapter 3 presents the 
methodology and discussions of the research results conducted during 
the pilot study based on experimental and theoretical analysis of the 
Zero Energy Building (ZEB) in Singapore.   
 Chapter 4 examines the computational methodology of the 
parameterization study of solar chimney design in the tropics where 
findings are discussed and analysed in Chapter 5. Finally, chapter 6 




Chapter 2 Literature Review  
 In general, as seen in Figure 2-1, there are different 
configurations of solar chimney going by names like thermal chimney 
and roof solar collector. To be considered as solar chimney, the basic 
principle is to employ the sun to produce an updraft of air along a 
channel together with wind driven ventilation (location of fenestration 
needs to be placed in the path of the oncoming ambient wind). 
 
Figure 2-1: Different configurations of solar chimney (blue, red and green 
arrows refers to the fenestration, inlet and outlet respectively) 
 Solar Chimney originated with the developments of 
mathematical models for Trombe wall and the solar roof collector. 
Ohanessian and Charters (1978) examined the effects of glazing and 
wall thickness on the modified Trombe-Michel wall during the winter in 
Melbourne, Australia using finite difference simulation. Akbari and 
Borgers (1979) together with Borgers and Akbari (1984) studied the 
laminar and turbulent flow through the Trombe wall using finite 
difference iterations respectively.  
 Around the same period, Akbarzadeh et al. (1982) conducted 
experiments with a modified Trombe wall 0.235m thick at the roof of a 
building in the University of Melbourne, Australia. Turbulence flow was 
observed throughout the entire height of the wall and a close 
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correlation was obtained between the heat transfer and temperature 
differences. In addition, the height of the air inlet and the air gap were 
found to affect the heat transfer rate.  
Brockett and Albright (1987) developed a theoretical model to 
predict the natural ventilation rates of a building using both thermal and 
wind induced pressure flows. This model was applied to a barn with a 
wind speed of 0.5m/s, 1.5m/s and 3.0m/s. Models predicted that in 
order to maintain a fixed ventilation rate, the total vent area should 
increase with the increasing external temperature, decreasing wind 
speed or decreasing width of rooftop opening.  
 Using a one dimensional finite difference approximation, 
Bouchair and Fitzgerald (1988) solved for the heat storage of the 
chimney’s wall for different orientations at 33oN latitude in the summer. 
Results showed that heat storage is directional and the west-facing 
wall gives the peak storage value. Theories and experiments were later 
expanded from heat transfer between parallel thin vertical plates to 
walls and roofs with finite value for thickness and thermal conductivity 
to better capture the heat transfer mechanism (Loveday, 1988). 
Das and Kumar (1989) experimented with a flat-plate solar 
chimney employed to dry agricultural products. The inclined collector 
was made of wood painted black while the solar chimney was made 
from 3mm mild steel plates with an air gap of 0.1m and a height of 
2.0m. The maximum temperature within the solar chimney was 
determined to be 56.5oC, with a solar irradiance and airflow rate of 
871.4W/m2 and 0.255m/s respectively.   
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2.1 Analysis Approach  
 With increasing interests in solar chimney research, various 
theoretical, experimental and computational researches across 
different weather conditions were examined. As different researchers 
defined their domain using different notations, the various design 
parameters were standardized according to Figure 2-2 as shown.  
 
Figure 2-2: Design parameters of solar chimney and interior  
 
2.1.1 Theoretical Analysis  
Bansal et al. (1993) obtained the theoretical volume flowrate of a 
30o inclined solar roof collector after balancing the conservation of 
mass and energy equations. The length, width and depth of the solar 
roof collector measured 1.50m, 1.50m and 0.15m respectively. Results 
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showed that the volume flowrate increased with solar irradiance 
ranging from 100W/m2 to 1000W/m2. Furthermore, at low irradiance, 
volume flowrate increased with both inlet and outlet coefficient of 
discharge. However, at high irradiance, a value of 0.7 for the coefficient 
of discharge gave the maximum volume flowrate.  
Awbi (1994) gave an introduction of the various methods of 
natural ventilation and examined the effects of wind and solar-induced 
ventilation theoretically using vertical and inclined solar chimneys. Both 
chimneys had a stack height of 2.3m, width of 3.4m and depth of 0.1m 
as well as inlet and outlet sizes of 0.12m2. Moreover, the lengths of the 
vertical and inclined solar chimneys are 2.8m and 5.0m (tilted at an 
angle of 25o) respectively. Results showed that the influence of wind (at 
5m/s) was greater than the stack effect while the inclined solar chimney 
performed better due to its greater exposed surface area.  
Bansal et al. (1994) derived the theoretical volume flowrate for 
solar chimney under the assistance of wind tower by varying the solar 
irradiance from 100W/m2 to 700W/m2 and the ambient air speed from 
1m/s to 5m/s. Results showed that volume flowrate increased with both 
solar irradiance and ambient air speed. However, the effect of ambient 
air speed was more significant at low irradiance; at higher ambient air 
speed, the effect of irradiance was limited.  
Aboulnaga (1998) carried out theoretical analysis on a common 
resident building in Al-Ain city, UAE measuring 4.80m in length, 3.60m 
in width and 3.60m in height. The solar chimney’s depth was varied 
between 0.08m to 0.25m while the inclination angles ranged between 
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25o to 40o. Results gave an optimum inclination angle of 35o and a 
solar chimney depth of 0.20m.   
Hamdy and Fikry (1998) carried out theoretical analysis on a 
solar chimney with unit length, facing south at 32o latitude north during 
the summer. Results gave an optimum inclination angle of 60o.   
Ong (2003) derived a mathematical model of solar chimney 
based on thermal network by considering heat transfer by conduction, 
convection and radiation. The analytical results showed that air 
temperature and mass flowrate increased with stack height and solar 
irradiance. For a height of 2.00m and a depth of 0.145m under solar 
radiation of 400W/m2, the resulted showed an airflow rate of 0.014kg/s.  
Zhai et al. (2005a) compared single and double pass solar 
chimneys using theoretical energy balancing (including the interior 
spaces) and found that with a solar irradiance of 400W/m2, the airflow 
rate of single and double pass solar chimneys were 12.9ACH and 
20.8ACH respectively.    
 
2.1.2 Experimental Analysis    
Ekechukwu and Norton (1997) observed the performance of a 
circular solar chimney with a height of 5.30m and diameter of 1.64m. 
The chimney air temperature was found to be 6oC and 15oC higher 
compared to the ambient temperature. In addition, a solar radiation 
absorbing surface within the chimney was determined to improve its 
performance. Lastly, the absorbing surface temperature was found to 
increase with height.  
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Khedari et al. (1997) examined a roof solar collector having a 
length of 2.00m, width of 1.00m and a depth of 0.14m. Experiment 
results showed that insulating the back of the lower surface was 
important in order to prevent heat losses. Furthermore, 
parameterizations found an optimal length of 1.00m and an inclination 
angle of 30o, giving a volume flowrate of 0.08m3/s to 0.15m3/s and heat 
removal of 150W/m2 to 350W/m2 per unit square meter.  
Khedari et al. (1998) examined the effects of the modified 
Trombe wall in a room of 25m3 volume. Results showed that a bigger 
air gap or a darker colour on the wall induced more airflow. 
Furthermore, the room temperature is only 2oC to 3oC higher than the 
ambient temperature as compared to the 5oC observed from the 
reference case.  
Hirunlabh et al. (1999) studied a metallic solar wall (MSW) 
incorporated in a house measuring 3.35m, 3.45m and 2.68m in length, 
width and height respectively. The MSW faced south and was 1.00m 
wide with a varying height of 1.00m and 2.00m. The depth was 0.100m 
to 0.145m. Six experimental points were placed within the house at 
1.00m above the ground. Results showed that temperature within the 
MSW increased with wall height and decreased with the air gap’s 
depth. In addition, the maximum average mass flowrate of 0.015kg/s 
occurred during the hot afternoon; mass flowrate increased with 
increasing stack height and solar chimney’s depth. Lastly, it was 
determined that the temperatures were uniform across the width of the 
MSW.   
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Khedari et al. (1999) examined the effects of air gap and height 
of the Trombe wall on air temperature and flow rate using a house 
measuring 2.18m in height, 3.12m in width and 3.20m in length. 
Experiments showed that increasing both the depth and height of the 
Trombe wall increased the airflow rate although the airflow rate per unit 
area dropped. Furthermore, the temperature of the interior room did not 
increase significantly as ventilation was still detected beyond 1600hrs 
when solar radiation was no longer significant.  
Khedari et al. (2000a) conducted experiments on a school 
building installed with two roof solar chimneys, a modified Trombe wall, 
a Trombe wall and a metallic solar wall to determine their combined 
effects on thermal comfort. The building had a volume of 25m3 and 27 
different positions were measured to obtain the interior air 
temperatures and speeds. Results showed that with a combined 
surface area of 6m2 to 9m2, the temperature difference between the 
interior and ambient was 3oC, lower than the 6oC obtained without any 
ventilation. The air change per hour averaged 15ACH while the air 
speed within the room ranged between 0.02m/s to 0.09 m/s. Although 
results did not satisfy thermal comfort, it gave the possibility of 
combining various solar chimney designs to achieve better 
performance.    
Khedari et al. (2000b) determined the effects of solar chimney’s 
depth (0.08m and 0.14m) and different opening vents of two roof solar 
collectors, tilted at 25o, on the thermal comfort of a building measuring 
3.45m, 3.35m and 2.68m in length, width and height respectively. A 
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total of 41 temperature points were measured within the building and 
roof solar collector while four velocity points were obtained at the 
entrance of the roof solar collector. No difference in temperature within 
the roof solar collector was monitored using different opening vents 
and a uniform temperature was observed along its width. However, a 
larger opening vents (equal sizing for both inlet and outlet) and greater 
solar chimney’s depth was required to induce larger airflow. It was 
further observed that the airflow rate did not fluctuate with wind velocity 
as loss of thermal-induced ventilation was compensated by the wind-
induced ventilation. In addition, the average room temperature was 
close to the ambient air, compared to the 10oC to 12oC temperature 
difference observed without the roof solar collector. Lastly, the air 
change per hour ranged from 4ACH to 5ACH, which was not sufficient 
for thermal comfort.  
Spencer et al. (2000) performed scaled experiments of solar 
chimney model with its interior using aqueous saline solution of 4wt% 
and hydrogen bubbles to simulate the thermal stack due to solar 
irradiance. The interior measured 0.2m in length, 0.1m in width and 
0.2m in height while the solar chimney measured 0.1m in depth, with 
varying height (0.2m and 0.4m) as well as width (0.005m to 0.050m). 
Results showed that the solar chimney’s optimal width is independent 
from solar irradiance but increased with stack height and the opening 
area. Furthermore, increasing the opening area of the interior’s inlet 
and solar chimney’s inlet increased the volume flow rate although the 
influence of the solar chimney’ inlet area is more significant.  
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Khedari et al. (2002) conducted experiments in an enclosed 
laboratory on an open-end solar chimney measuring 0.68m in width, 
1.35m in length, 0.14m in depth and inclined 30o to the horizontal. 
Electric heating plates were used as the heat sources with power 
ranging from 72.61W/m2 to 374.08W/m2. Results showed that as heat 
supplied increased, the air speed, mass flowrate and air temperature 
increased respectively with corresponding correlations shown in 
Equation 2-1. 










































Chen et al. (2003) conducted experiments on a single wall-
heated plexiglas solar chimney, 1.5m in height and 0.62m wide, with 
uniform heat flux in laboratory conditions. The theoretical solution 
obtained from pressure losses balancing was only reasonable for 
narrow solar chimney’s depth and small inclination angle. Along the 
stack height, temperature generally increased with height. Across the 
varying chimney depth (0.20m and 0.40m) under different heat flux 
(400W/m2 and 600W/m2), air temperature dropped as it moved away 
from the heated surface before increasing slightly at the opposite 
surface due to radiation; mass flowrate increased for both increasing 
solar chimney’s depth and heat flux (no optimal depth). However, both 
the temperature and velocity profiles were fairly uniform across the 
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chimney width. Furthermore, the optimal inclination angle was 
determined to be 45o.  
Ong and Chow (2003) proposed a mathematical model based 
on quasi-steady state assumptions using thermal networks and verified 
it with experimental data. The experiment set-up had a room 
measuring 2.00m, 0.48m and 1.02m in height, width and depth 
respectively with a movable heat absorbing wall separating the solar 
chimney and room (variable depth of 0.10m, 0.20m and 0.30m). The 
glass surface of the solar chimney was exposed to direct solar 
radiation in the south. Results showed that across the chimney depth, 
temperature dropped before rising to its maximum at the heat 
absorbing wall. A wide range of correlations were given. Furthermore, 
temperature increased and decreased with increasing solar irradiance 
(200W/m2 to 650W/m2) and chimney depth respectively. In addition, 
temperature was observed to be non-uniform along the height, an 
assumption commonly used in theoretical analysis. Lastly, theoretical 
predictions were found to over-estimate the wall and glazing 
temperature while under-estimating the air temperature. 
Bunnag et al. (2004) investigated the influences of the tilt angles 
(15o, 30o, 45o, 60o and 75o), air gaps (0.14m and 0.19m) and heat flux 
(262W/m2, 408W/m2 and 574W/m2) on the convective heat transfer 
coefficient of a roof solar collector measuring 1.00m wide by 1.50m 
long under steady state condition. Results showed that the temperature 
difference between the heated and unheated surfaces remained almost 
constant with different values of heat fluxes. Furthermore, increasing 
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the heat fluxes or decreasing the tilt angles increased the air 
temperature. These results were further correlated and non-
dimensionalized as relationships between Nusselt number, Rayleigh 
number and Reynolds number. 
Bansal et al. (2005) set up a simple unit length cubic room with 
solar chimney of varying depth (0.130m and 0.332m) and inlet height 
(0.130m and 0.235m). The results were compared with the theoretical 
model and found to under-predict the temperature of air within the solar 
chimney and glass surface but over-predict the temperature of the 
absorber surface. Nevertheless, increasing the solar irradiance, solar 
chimney’s depth or the inlet height increased the air speed with a 
maximum value of 0.24m/s.  
Heras et al. (2005) carried out analysis on a building of the 
University of Almeria in Spain which had a 5m high solar chimney 
incorporated during its refurbishment. Results showed that the 
temperature difference between the indoor and ambient, the thermal 
gradient along the height of the solar chimney and the air velocity at 
the output of the solar chimney had a combined effects on the 
performance. A regression curve based on the least square method 
was further determined. 
Under laboratory settings, Zhai et al. (2005b) placed electric 
heating plates at the bottom of a wooden solar chimney measuring 
1.5m height and 0.5m width with depth varying from 0.1m to 0.5m. Six 
thermocouples were placed on the surface of the bottom plate and 
within the chimney respectively while the air speed of the inlet and 
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outlet were also measured. In addition, a mathematical model based 
on energy balanced was derived. Results showed that air temperature 
increased along the height of the solar chimney before dropping off at 
the outlet. Furthermore, air temperature decreased along its depth 
away from the heating wall before increasing at the outer wall. In 
addition, air temperature and airflow rate were found to increase with 
radiation intensity. Lastly, no optimum channel depth was found; 
however the optimum tilt angle was found to be 45o.     
Amer (2006) examined the various passive cooling techniques 
on a scaled cubic building with a volume of 1m3. The south-facing solar 
chimney, measuring 2.0m in height and 0.5m in width, led to a 6.5oC to 
10.4o drop in the room temperature when compared to the base case 
and gave a temperature which on average, was 1.0oC higher than the 
ambient temperature. 
Using a 1.0m cubic wooden chamber, Mathur et al. (2006a) 
examined the effects of solar chimney’s depth (0.1m, 0.2 and 0.3m) 
and its inlet height (0.1m, 0.2 and 0.3m) on the air change rate. The 
setup consisted of 4mm glass and black-painted aluminum sheet 
forming the solar chimney with a 0.3m square suction window across 
the room. Data with ambient wind velocity greater than 0.1m/s were 
removed and analysis showed a 23% difference between the 
experimental and analytical solutions. However, results did show that 
the air change rate per hour increased with the depth of the solar 
chimney, inlet height and solar radiation.   
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After a similar experimental validation, Mathur et al. (2006b) 
examined the mass flowrate of an inclined roof solar chimney obtained 
from theoretical energy balancing. The width and length of the solar 
chimney were fixed at 1.0m with varying inclination of 30o, 45o and 60o. 
The depth as well as inlet and outlet openings were all further ranged 
at 0.1m, 0.2m and 0.3m. Black aluminum plate and glass were used as 
the back absorber and cover respectively. Results showed an optimum 
inclination angle of 45o based on a latitude of 27oN which balanced the 
stack effect and solar radiation as well as further verifying that both an 
increased in solar chimney’s depth and inlet opening increased the 
mass flowrate.  








































Burek and Habeb (2007) conducted experiments on a solar 
chimney measuring 1.025m in height, 0.925m in width and a depth 
ranging from 0.020m to 0.110m. The chimney consisted of a 
transparent cover and aluminum absorber plate heated by a heating 
mat till steady state condition. Results showed that the temperature 
profiles within the chimney’s depth were fairly constant except at the 
two ends of the walls and temperature increased along the chimney’s 
height. The mass flowrate increased with increasing solar chimney’s 
depth and heat input. Furthermore, correlation between the Reynolds 
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number and Rayleigh number was obtained as shown in Equation 2-2. 
Lastly, the depth of the solar chimney was found to have limited 
influences on the thermal efficiency.  
Chungloo and Limmeechokchai (2007) conducted experiments 
on detached wooden one-story rooms measuring 3.8m by 2.8m by 
2.4m to examine the influences of solar chimney tilted 45o with a depth 
of 0.15m. Compared to the base case, results in July showed that the 
wooden solar chimney caused a temperature drop of 1.0oC to 1.3oC 
within the room during the hot afternoon. Using a discharge coefficient 
of 0.4 with solar irradiance between 400W/m2 to 1000W/m2, the volume 
flowrate in July was found to range from 0.0008m3/s to 0.0120m3/s in 
July, giving an air change rate of 1.13ACH to 2.26ACH. Furthermore, 
the temperature difference between the solar chimney’s outlet and 
room was correlated, seen in Equation 2-3, accordingly to the solar 
radiation for different periods of the year.  
Equation 2-3: Correlations from Chungloo and Limmeechokchai (2007)    
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Puangsombut et al. (2007) examined the effects of varying the 
depth of the solar chimney (0.03m to 0.11m in intervals of 0.02m) as 
well as the solar irradiance (200W/m2 to 500W/m2 in intervals of 
100W/m2) to examine their influences. Results from a solar chimney 
with dimensions of 1.50m in length and 0.70m in width showed that the 
solar chimney’s air speed decreased while the mass flowrate increased 
with increasing solar chimney’s depth. In addition, with the presence of 
a radiant barrier (emissivity of 0.02) on the inner surface of the inner 
  
23 
plate, the mass flowrate and heat transfer increased by 50% and 40% 
respectively. In addition, correlations obtained were shown in Equation 
2-4.  










































Susanti et al. (2008) built a full scaled cavity roof to examine the 
influences of heat production from the upper surface (50W/m2, 
75W/m2, 100W/m2, and 150W/m2) on the temperature and velocity 
profiles within the solar chimney. The temperatures of the upper and 
lower surfaces increased along the height while the temperature 
dropped across the solar chimney’s depth, reaching a constant value 
near the unheated lower surface. In addition, the velocity profile rose 
across the depth, hitting a maximum before dropping again. 
Furthermore, both the temperature and velocity were found to have a 
direct relationship with the heat production. The effects of the 
inclination angle were not significant on the temperature profile but a 
steeper inclination was recommended for a higher velocity profile. 
Lastly, restricting the inlet and outlet of the solar chimney increased the 
air temperature but reduced the air speed.  
Arce et al. (2009) set up a solar chimney in the desert of 
Tabernas, Spain in the outdoors facing south in the vertical position 
during September with stack height, width and depth measuring 3.5m, 
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1.0m and 0.3m. With the absorber plate made from concrete, a two 
hour time lag was observed for the surface temperature with respect to 
solar irradiance. Furthermore, both the surface temperatures of the 
glazing and absorber were observed to be constant along the stack 
height. The maximum south vertical global solar radiation was around 
610W/m2; at 1300hrs, the maximum temperature difference of 7oC was 
obtained with inlet and outlet temperatures measuring 27oC and 24oC 
respectively. The volume flowrate was caused by both thermal stack 
and the effect of wind although the volume flowrate followed the 
ambient air speed in a positive relationship with a maximum value of 
0.10m3/s at 9.00m/s. Lastly, the discharge coefficient was determined 
to have a value of 0.52.  
Gladyszewska-Fiedoruk and Gajewski (2012) examined the 
effect on ambient air speed (ranging from 0m/s to 10m/s) on the air 
change rate within rooms in a kindergarten in Poland in the winter. 
Results showed that under ambient air speed of 10m/s, the air change 
rate within the rooms can reach 4.3ACH compared to 1.1ACH under 
zero ambient air speed.  
 
2.1.3 Computational Analysis 
Awbi and Gan (1992) compared the analytical and simulated 
solution for Trombe wall and solar chimney. Air speed and temperature 
results showed that air flow along its depth within the solar chimney 
was not symmetrical due to air entering at right angle to the duct. 
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Gan (1998) performed simulations after model validation and 
predicted that the volume flowrate increased with solar irradiance 
(20W/m2 to 550W/m2), solar chimney’s stack height (2.4m to 4.0m) and 
the thermal insulation of the absorber wall (0.1m to 1.0m thick). 
However, the effect of solar chimney’s depth was insignificant on the 
volume flowrate unless the inlet and outlet height increased accordingly 
with the solar chimney’s depth as the pressure losses from the 
openings were greater than the frictional losses. Several correlations 
(from Equation 2-5) were obtained. Furthermore, results showed that 
air movement over inclinations during its path reduced the volume 
flowrate.    
Equation 2-5: Correlations from Gan (1998)    
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Gan and Riffat (1998) examined the prediction of solar chimney 
and double glazing performance using two dimensional FLUENT 
simulations. Using double glass glazing, with increasing solar heat gain 
(solar gain factor of 0.64 corresponding to solar irradiance) ranging 
from 124W/m2 to 333W/m2, the volume flowrate was found to increase 
at the same time. Furthermore, at high solar irradiance of 438W/m2, the 
effect of double glazing (solar gain factor of 0.64) and single glazing 
(solar gain factor of 0.76) on the volume flow rate is insignificant.   
Rodrigues et al. (2000) carried out k-ε simulations on a two-
dimensional solar chimney with stack height of 2.5m and depth ranging 
from 0.15m to 0.30m. The heat flux was further varied between 
100W/m2 to 400W/m2. Results showed that with increasing depth, the 
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air speed at the outlet decreased while the heat transfer increased; 
with increasing heat flux, both the air speed at the outlet and heat 
transfer decreased.  
Hirunlabh et al. (2001) examined different configurations of the 
roof solar collector using experiments and finite difference time 
marching simulations. Results showed that the airflow rate increased 
with the inclination angle and an appropriate range of 20o to 60o was 
recommended. In addition, although increasing the height of the roof 
solar collector increased the airflow rate, it led to a decrease in the 
airflow rate per unit area.  
Balocco (2002) performed finite element simulations under 
Florence, Italy climatic weather on different solar chimney’s depth. 
Results showed that with a stack height of 14.0m under steady-state 
conditions, the cooling effect stabilized after a depth of 0.15m.  
Adam et al. (2004) modelled a single story building with square 
cross-sectional area of 10m with the inclination angle ranging from 30o, 
45o and 60o as well as orientation facing south, east and west. Results 
from unsteady multi-zonal simulations showed that 45o is the optimal 
inclination angle while the east and west orientations performed well in 
the morning and afternoon respectively.   
Gratia and De Herde (2004) simulated the airflow rate through a 
double skin façade of a middle size building located in Uccle, Belgium 
during the summer day of 24 July. Several orientations of the double 
skin façade and the wind directions were analyzed. TAS simulation 
results showed that a south-facing double skin façade under the east 
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or west wind directions performed the best, giving an air change rate of 
135 ACH.  
Ballestini et al. (2005) modelled an actual old factory in Italy 
using LOOPDA (two-dimensional natural ventilation software) and 
TRNSYS (thermal balancing software) to determine the temperature 
and ventilation with the addition of a double-skin façade. The double-
skin façade measured 40m wide by 10m high with a gap thickness of 
0.65m. Results showed that during the summer, the air change rate on 
the top floor could reach 2.5ACH to 4.0ACH during a temperature 
difference between the façade gap and outside ambient environment. 
Gan (2006) carried out a two-dimensional simulation of solar 
chimney using software FLUENT with standard k-ε turbulence 
modeling after model validation with published experimental data. The 
solar irradiance used was 100W/m2 and 300W/m2 while the stack 
height was 6.00m and the solar chimney’s depth ranged from 0.20m to 
0.80m. The optimal depth for volume flowrate was found to range 
between 0.55m and 0.60m which remained unchanged with solar 
irradiance. Furthermore, reverse flow was observed when the optimal 
depth was exceeded. Lastly, the air speed within the solar chimney 
decreased with increasing depth.  
Under Tokyo, Japan weather conditions, Miyazaki et al. (2006) 
carried out simulations and analytical analysis of the effects of solar 
chimney on an office room measuring 6.0m, 6.0m and 3.6m in length, 
width and height respectively. A temperature dependent density 
together with the RNG k-ε turbulence model was employed using 
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FLUENT software while constant pressure and zero initial velocities 
were applied at the inlet and outlet with the solar chimney attached to 
the south-facing wall. After model validation with Bouchair (1994), 
simulated results showed that the effect of solar chimney’s depth was 
insignificant after 0.2m. Furthermore, higher solar irradiance or lower 
ambient temperature will result in a higher volume flowrate. Lastly, a 
temperature difference of 9oC to 10oC was obtained with an ambient 
temperature of 20oC to 40oC at 100W/m2 irradiance.  
Bacharoudis et al. (2007) predicted the air velocity and 
temperature within a solar chimney using two-dimensional, 
incompressible and steady state FLUENT simulations with Boussinesq 
approximation. The solar chimney measured 0.05m in depth and 
4.00m in height. The outer and inner walls of the solar chimney were 
assumed to be isothermal; the temperature of the outer wall ranged 
from 45oC to 70oC while the inner wall was kept constant at 27oC. 
Various different turbulence models were examined and the realizable 
k-ε model was found to be the most suitable. Furthermore, simulated 
results predicted that increasing the outer wall temperature caused an 
increase in the volume flowrate and air temperature.  
Harris and Helwig (2007) employed a hybrid of theoretical 
(energy balance) and computational (PHOENICS simulation) analysis 
to observe the effects of glazing and inclination of solar chimney. 
Model validation was performed with published experimental data. 
Results showed that low-emissivity glazing gave slightly better volume 
flowrate compared to double glazing while a depth of 0.25m performed 
  
29 
better than that of 0.10m. The optimal inclination angle was observed 
to vary with time due to the sun path (Edinburgh, Scotland at latitude of 
52o) but 67.5o was found to give the maximum volume flowrate.  
Marti-Herrero and Heras-Celemin (2007) proposed a time 
dependent one-dimensional heat transfer model for the south-facing 
solar chimney and solved the model using finite difference method. The 
solar chimney was made from concrete with 0.240m thickness and 
0.5mm thick glass. The depth of the solar chimney was 0.145m under 
Spain’s weather on 27 and 28 July 2003. Results showed a stable 
mass flowrate of around 0.010kg/s throughout the day which was 
similar to several published literature.   
Bassiouny and Koura (2008) derived the theoretical solution for 
solar chimney assuming steady-state laminar flow using energy 
balancing. Simulating a cubic room of unit dimensions under laminar, 
incompressible steady-state flow using finite element method with grid 
refinement, results showed that solar irradiance was the most 
influencing factor with increasing outlet air speed and air change rate. 
Varying the solar chimney’s inlet from 0.1m to 0.3m gave an optimal 
inlet’s height of 0.25m while varying the solar chimney’s depth from 
0.1m to 0.3m led to a drop in air speed although the mass flowrate 
remained unchanged; it was observed that the depth of the solar 
chimney influences was more significant compared to the inlet’s height. 
Furthermore, streamlines showed that air movement within the room 




Nouanegue et al. (2008) performed detailed two-dimensional 
simulation using the Simpler method on laminar flow. Model validation, 
grid convergence and iteration till steady state were carried out while 
the computational model applied the Boussinesq approximation and 
assumed negligible radiation exchange. Results showed that heat 
removal (Nusselt number) and the volume flowrate increased with 
increasing ambient air speed (Reynolds number), thermal stack 
(Rayleigh number) and outlet’s height. The wall conductivity and 
thickness were found to be insignificant while increasing stack height 
increased the volume flowrate but decreased the heat removal. 
Furthermore, the effect of ambient air speed was found to be more 
significant compared to the thermal stack effect.  
Wong et al. (2008) gave a detailed description of Airpak 
simulation using FLUENT code on an 18 stories building with double 
glass facade using the steady state k-ε turbulent model modelled under 
Singapore climate. The upwind distance used was 7.0m, with a wind 
speed of 1.5m/s. The orientation of the building, the ambient air 
temperature (26oC and 28oC) and the depth of the double skin façade 
(0.3m, 0.6m and 0.9m) were varied. Results showed that lower stories 
had lower temperature and greater air speed (0.01m/s to 0.04m/s) due 
to a greater stack effort. Furthermore, a south-facing façade with a 
depth of 0.3m in the morning was found to give the best results.  
Bassiouny and Korah (2009) studied the effects of the inclination 
angle (15o to 75o with 15o interval) of solar chimney on the airflow 
pattern and provided a correlation for the air change rate (referring to 
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Equation 2-6) with the depth of the solar chimney, irradiance and 
inclination angle. The room measured 3.00m by 3.00m with a window 
measuring 1.00m tall and 1.00m above the ground. The solar chimney 
had a length of 1.00m and a depth of 0.35m. Model validations were 
performed. Results showed that inclination angles between 45o to 75o 
gave better flow pattern, air penetration and air speed at the solar 
chimney’s outlet. 
Equation 2-6: Correlations from Bassiouny and Korah (2009)    











Lee and Strand (2009) designed an algorithm which was 
incorporated into EnergyPlus as a separate module using energy 
balancing equations. Employing this algorithm, mass flow rate within 
the solar chimney was found to increase with the height of the solar 
chimney (3.5m, 5.0m, 6.5m, 8.0m and 9.5m), the solar absorptance of 
the absorber wall (0.25, 0.45, 0.65, 0.85 and 1.00) as well as the solar 
transmittance of the glazing (0.25, 0.45, 0.65, 0.85 and 0.92). However, 
the depth of the solar chimney (0.15m, 0.30m, 0.45m, 0.60m and 
0.75m) was found to have limited influences. Furthermore, comparing 
the weather conditions of Minneapolis, Spokane and Phoenix in the 
United States (solar energy of 209Wh/m2, 965Wh/m2 and 209Wh/m2) 
showed a 20.4%, 18.9% and 13.1% drop in annual cooling load 
respectively with the implementation of solar chimney.  
Nouanegue and Bilgen (2009) performed detailed simulation 
involving the mass, momentum and energy conservation equations, 
with and without radiation heat exchange. Simulated results were first 
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compared with existing experimental and simulated data before varying 
the design parameters. Results showed that the Nusselt number and 
volume flowrate varied increasingly with increasing Rayleigh number 
and surface emissivity. In addition, the Nusselt number also increased 
when the solid to fluid thermal conductivity ratio was increased 
although it remained unchanged when the stack height aspect ratio 
was increased. Furthermore, an optimum solar chimney depth (0.3 with 
respect to the total depth) was found while the effect of the inlet’s 
height was found to be insignificant.  
Equation 2-7: Correlations from Villi et al. (2009)    
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Villi et al. (2009) examined the influences of air depth (0.03m, 
0.05m and 0.10m), ambient air temperature (28.0oC, 30.0oC, 32.5oC 
and 35.0oC) and solar irradiance (six values ranging from 400W/m2 to 
900W/m2) on a solar chimney 8.00m long and 30o inclined using 
FLUENT simulations. Results showed a drop in heat flux by more than 
30% where a 0.05m air depth can lead to a 45% drop. Furthermore, 
employing an energy simulation model of an entire building showed an 
energy saving ranging from 3% to 12% across various cities in Italy. 
Lastly, a correlation was obtained for the solar chimney’s heat transfer, 
as shown in Equation 2-7.  















Zamora and Kaiser (2009) carried out two-dimensional 
simulations using Phoenics to examine the influences of solar 
chimney’s depth with its depth-to-stack height ranging from 0.005 to 
0.500. After model validation with published experimental results, 
simulations further showed that the optimum depth-to-stack height 
differed for max mass flowrate and heat transfer. The optimum ratio 
correlation obtained for maximum mass flowrate was shown in 
Equation 2-8.  
Deblois et al. (2013) performed zonal modelling and FLUENT 
simulations on a single story house under Pittsburgh, USA weather 
conditions. The solar chimney was installed on the roof under PV cells 
and measured 2.6m in length with a 45o inclination angle and depth of 
0.127m. The mass flowrate reached a maximum of 0.30kg/s and was 
found to depend greatly on the convection coefficient.    
 
2.1.4 Combined Experimental and Computational Analysis  
Barozzi et al. (1992) performed both a scaled down experiment 
and simulation to compare the influences of fenestration’s location on a 
single chamber located in Nigeria measuring 5.5m by 3.5m by 3.0m in 
length, width and height respectively. Zero pressure was specified at 
both the inlet and outlet. Results showed that the flow pattern 
depended on the fenestration’s position although the interior air speeds 
were generally low; room temperature was generally unaffected. In 
addition, the computed temperatures of the solar chimney tended to 
over-predict the experimental data.  
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Bouchair (1994) conducted experiments within laboratory 
conditions and found that an optimal chimney width between 0.2m and 
0.3m existed for maximum airflow. In addition, increasing the chimney 
depth after 0.5m will cause a back flow of air in the center of the 
chimney. Furthermore, a west orientation and increasing the surface 
temperature of the chimney increased the mass flowrate. Lastly, 
solving the one dimensional heat transfer equation of the solar chimney 
using the finite difference method, the maximum air speed of 0.3 m/s 
was obtained with a drop in indoor temperature of 3oC to 4oC.  
Afonso and Oliveira (2000) compared the differences in air 
change rate and volume flowrate between conventional and solar 
chimneys under weather conditions in Lisbon, Portugal. The test cell, 
measuring 4.0m in length by 3.0m in width, was separated evenly for 
the two chimneys. Both chimneys had a height of 2.0m and an inner 
cross-section of 0.2m by 1.0m. Tracer gas measurement showed that 
the solar chimney caused an air change rate of 26.2ACH while the 
convectional chimney gave an air change rate of 20.1ACH. 
Furthermore, a higher and wider chimney improved volume flowrate 
although the width is more significant. Finally, it was found that the 
simulated results using a finite difference model needed to take into 
account the effect of wind in order not to underestimate the airflow rate 
although no wind data was provided. 
Adam et al. (2002) carried out multi-zone simulations and 
experiments on a solar chimney 2m in length and 1m in width. The 
heat flux was varied from 100W/m2 to 500W/m2 while the inclination 
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angle changed from 30o to 90o. Results showed an optimal inclination 
angle of 45o while volume flowrate increased with increasing heat flux.  
Ziskind et al. (2002) first performed scaled experiments and 
compared the data with laminar computational flow. After validating the 
results, a full scaled model was simulated using k-ε turbulence model 
together with grid refinement. The interior measured 6.0m by 6.0m with 
a height of 2.5m; ambient temperature was fixed at 24oC with a solar 
chimney’s depth of 0.2m. Results obtained from varying the various 
positions of the fenestration and inlet positions showed limited and 
insignificant changes in the interior air temperature although the inlet 
was recommended to be placed near the ceiling to prevent 
temperature stratification. However, allocating the fenestration to the 
mid-height level showed an increase in the air speed at mid-height.  
Letan et al. (2003) performed verification between scaled and 
simulated five-story buildings and found that simulated turbulent flow 
and the experimental results were in good agreement. This was 
followed by a full scale (each floor measured 6.0m in length, 10.0m in 
width and 2.5m in height) three-dimensional k-ε turbulence simulation 
using FLUENT with specified outdoor and wall temperatures. Results 
showed that the airflow rate was much lower at the higher stories and 
can be improved with the addition of an attic. Furthermore, a higher 
airflow rate lowered the room temperature closer to the ambient.  
Kazansky et al. (2003) carried out smoke visualization, scaled 
experiments and FLUENT simulations of varying solar chimney’ height 
of 0.15m (twice, thrice, fourth, fifth and ninth as high) and found that as 
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the height increased, the temperature within the solar chimney 
decreased significantly (as much as 10oC) due to a great heat transfer 
from higher air speed. Furthermore, the difference between 
experimental and simulated mass flowrate was less than 20%.  
Drori and Ziskind (2004) carried out experiments on a real-size 
one-story building and compared the results with simulations using 
software FLUENT. The building was located in the Negev desert, 
Israel, measuring 5.95m in depth by 2.35m in width by 2.35m in height. 
A partition with a solar chimney’s depth of 0.20m was constructed 
parallel to the northern wall and acted as the inlet (located at the floor) 
while a metal sheet is mounted 0.20m (air gap) above the roof as the 
outlet. In the absence of stack ventilation, the indoor air temperature 
was above the ambient temperature by 3oC to 5oC during noon and 
reached 7oC to 9oC at 1800 hours. However, with the solar ventilated 
ducts, the indoor air temperature remained similar to the ambient 
temperature throughout the afternoon. Readings showed that the air 
temperature at the outlet was higher than the ambient by 6oC to 8oC 
while airflow rate reached 0.20m/s to 0.30m/s. Using the standard k-ε 
turbulence model, simulations showed that the airflow distribution was 
similar along the width of the building with an hourly air change rate of 
7.0ACH to 8.3ACH. The temperature distribution within the building 
was similar to the ambient temperature except for the upper region. 
Lastly, the experimental and simulated results showed good agreement 
with one another.  
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Wong and Heryanto (2004) compared a typical residential 
apartment using scaled wind tunnel testing and simulations with 
PHOENICS. The model measured 2.0m by 2.1m with a height of 3.0m, 
together with the solar chimney reaching 4.5m. A total of five design 
parameters were examined: cross section of the solar chimney (square 
of 0.15m or 0.40m), two different locations of the solar chimney, 
opening or closing the doors within the apartment and the presence of 
a stack fan. Results showed that simulated values are higher than that 
obtained from wind tunnel testing. In addition, the 0.40m cross 
sectional solar chimney was found to perform better, increasing the air 
speed by 54.39%. Lastly, among the five factors, the ambient wind 
condition was determined to be the most influencing factor.  
Ding et al. (2005) carried out scaled experimental and 
computational research on solar chimney, examining the effects of 
varying the area of solar chimney’s inlet and outlet. Results showed 
that greater area increase air change rate but reduce pressure 
difference in upper floors.  
Chantawong et al. (2006) developed a computational model of 
glazed solar chimney wall (GSCW) which was solved using an explicit 
finite-difference method coupled with Gauss-Seidel iteration. This 
model was compared with experimental data obtained from a prototype 
concrete building of height 2.00m and a cross-sectional area of 1.40m 
by 1.40m. The GSCW had a surface area of 0.37m2 and solar 
chimney’s depth of 0.10m, giving an induced inner air speed within the 
  
38 
range of 0.07m/s to 0.14m/s with a temperature difference of 1.1oC 
within the GSCW. 
Tan et al. (2007) carried out two-dimensional steady state 
simulations together with experimental validation on a rooftop solar 
chimney. Results showed strong influences and interaction between 
the inclination angles and solar chimney’s depth on the mass flowrate.  
Biwole et al. (2008) compared the scaled experimental and 
computational setup of a double skin roof on 2 August 2006 and results 
were comparable. Full scaled steady state simulations was further 
performed using the finite element method where maximum speeds of 
0.89m/s and 0.94m/s were observed at the solar chimney’s inlet and 
outlet respectively. Furthermore, increasing the inclination angle (15o, 
30o, 45o, 60o, 75o and 90o) decreased the air temperature and 
increased the air speed within the chimney. In addition, the average 
Nusselt and Rayleigh numbers increased with the solar chimney’s 
depth. Lastly, it was found that to reduce the heat flux transferred, the 
most significant emissivity factor was that of the external surface 
(facing inward), followed by the internal surface (facing outward).  
Sakonidou et al. (2008) proposed a theoretical model based on 
the chronological, geographical, meteorological, geometrical and 
irradiation input parameters to determine the tilt of a solar chimney that 
maximize airflow. The results were compared with two dimensional 
simulations and full-scale experiments using a solar chimney of 
dimensions 1.00m in height, 0.74m in width and 0.11m in depth. 
Comparing the air temperature and speed profiles, the engineering and 
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computational models predicted an optimized tilt of 65o and 60o 
respectively for maximum airflow rate. In addition, the simulated results 
agreed well with the experimental data conducted in Serres, Greece. 
Computational results showed that turbulence set in after a stack 
height of 4.00m while theoretical and simulated results differed greatly.  
Khanal and Lei (2012) examined the possibility of eliminating 
reverse flow at the solar chimney’s outlet by proposing an inclination of 
the outer solar chimney surface. Results showed that the greater the 
inclination, the lesser the extent of reverse flow; an inclination of 5o 
prevented reverse flow from occurring. Correspondingly, there was an 
increase in mass flowrate and its optimal inclination angle was found to 
depend on the Rayleight number.   
 
2.2 Parameterization   
From the literature published (Dimoudi, 2009; Khanal and Lei, 
2011, Zhai et al. 2011), theoretical, experimental or computational 
analysis show that many different parameters affect the performance of 
the solar chimney. Several main parameters are highlighted and further 
classified into the ambient environment, the design of solar chimney 
and the interior configuration (detailed breakdowns are found in 
Appendix A).  
 
2.2.1 Ambient Environment 
Solar irradiance is the most widely research parameter and also 
the most conclusive parameter. With solar irradiance ranging from 
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0W/m2 to 1000W/m2, researchers find that the hourly air change rate 
as well as the air speed and temperature within the solar chimney 
increases with increasing solar irradiance. Within the interior, there is 
also a temperature drop and temperature lag. It is important to note 
that heat flux by heaters on solar chimneys within laboratory settings 
are not equivalent to solar irradiance as a factor corresponding to the 
absorptivity of the material must be taken into consideration.  
The second parameter is the ambient air speed, ranging from 
0.5m/s to 10m/s. Researchers give mixed and limited review on this 
parameter. However, it is useful to note that solar chimney research 
mostly concentrated on enhancing the thermal draft and hence wind 
assisted effects is mostly not touched upon.  
The third parameter, ambient air temperature ranging from 24oC 
to 36oC, is also fairly conclusive that lower ambient air temperature 
translates into better solar chimney performance. However, it is useful 
to note that ambient air temperature is a parameter that is hard to 
control passively.  
 
2.2.2 Solar Chimney Design 
The design of the solar chimney is another significant influence 
on the performance of the solar chimney and its effects on the interior. 
Using practical dimensions, the stack height influences the thermal 
draft while the depth and width of the solar chimney affect the 
correspondingly air speed and volume flowrate. In addition, the 
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inclination angle of the solar chimney affects the amount of solar 
irradiance on the surface.  
From literature, stack height ranges from 0.5m to 9.5m. 
Generally and fairly conclusive, researchers have found that the higher 
the stack height, the greater the performance although the effect of 
stack height may need to be examined together with other aspect ratio 
like the depth and width of the solar chimney.  
The depth of the solar chimney generates significant amount of 
research with depth ranging from a low of 0.08m to a high of 0.90m 
due to the possibility of an optimal depth. The understanding principal 
shows that, friction losses are significant and slow down the air speed 
at small depth. However at large depth, the thermal boundary layers 
may no longer cross each other, together with the possibility of 
backflow of air, leading to lower heat transfer. Hence, there is the 
possibility of a theoretical optimal depth. Currently, researchers return 
mixed reviews about the influence of the solar chimney’s depth, 
showing a positive relationship as well as insignificant influences.   
The width of the solar chimney is a parameter commonly 
overlooked as most research found that airflow within the solar 
chimney is generally two-dimensional flow. Although air temperature 
and speed may be uniform across the solar chimney’s width, several 
researchers note that the width will directly affect the volume flowrate, 
the correspondingly hourly air change rate and the interior air speed.  
The inclination angle of the solar chimney is another widely 
research upon parameter, from fully horizontal (the height of the interior 
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will compensate for the lack of stack height) to fully vertical. Again, 
researchers try to determine the possibility of an optimal angle. The 
greater the inclination angle, the higher the stack height, the lesser the 
flow resistance and the better the performance; however, at the same 
time, the smaller the angle in the tropics, the greater the exposure to 
solar irradiance and also the better the performance. Therefore the 
combination of both conditions should give an optimal inclination angle.  
Researchers have found that the optimal inclination angle 
ranged from 30o to 65o. However, it is important to note that some 
researchers performed experiments under laboratory conditions by 
placing heating plates with fixed heat flux on the exterior surfaces of 
the solar chimney to mimic solar irradiance. This configuration will 
remove the change in solar irradiance with inclination angle and may 
be the reason why an optimal inclination angle could vary with time and 
season at a particuar site.   
The dimension (cross-sectional area) of the solar chimney’s inlet 
and outlet is another parameter as frictional losses and turbulence 
experienced when fluid passes contractive and expansive ducts along 
both the inlet and outlet are a concern. Literature shows that any form 
of restriction will lead to a drop in air speed and an increase in air 
temperature within the solar chimney. Hence, the optimal configuration 
is to have similar dimensions for the solar chimney’s inlet and outlet 
with respect to the dimensions of the solar chimney. However, if 
restriction is needed (insect screen for instance), the negative effect of 
restricting the outlet is lesser compared to the inlet (Susanti, 2008).  
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Researchers further examine the relative positions of the solar 
chimney’s inlet and the interior’s fenestrations, where their positions 
range from the ground to the ceiling. This parameter generates limited 
literature; however, the results are interesting. Generally, the air 
temperature profile is not affected by their relative position but the air 
speed profile is found to depend significantly on their relative position 
(Sarachitti et al., 2000). 
Lastly, the absorptivity of solar chimney’s material accepting the 
solar irradiance should be high in order to increase the energy 
absorbed. At the same time, the interior emissivity may be the more 
significant component compared to the exterior emissivity as it affects 
the amount of heat transfer by radiation within the solar chimney. Lastly, 
the thermal conductivity of the solar chimney’s interior surfaces should 
be low to prevent heat transfer into the interior spaces.  
 
2.2.3 Interior Configuration 
In the area of interior configuration, the volume of the interior 
space and the size of its fenestrations are possible input parameters 
that may affect the performance of the solar chimney. However, limited 
research are found; this may be because the interior volume and 
fenestrations size are normally fixed to cater for its function and the 
configuration of the solar chimney is instead designed based on these 
pre-determined values.  
Among the literature reviewed, limited research examines the 
effect of internal heat load on the performance of solar chimney. Lee 
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and Strand (2009) used the energy balancing simulation with 
EnergyPlus set an internal heat gains from lights and equipment having 
value of 5.4W/m2, together with two occupants. However, results were 
not compared with similar conditions without internal heat generation.  
It is worth noting that internal heat load is commonly researched 
upon in mechanical ventilation system (Yin et al., 2009) as well as 
atrium stack ventilation with research widely referred from the Queens 
Building at the De Montfort University in Leicester, UK (Eppel and 
Lomas, 1991; Ford and Short, 1991; Lane-Serff et al., 1991). Recently, 
Liu et al. (2009) examined the effects of two, four and six heat sources 
of 30W each on the atrium’s temperature of the planned Center for 
Education in a Green Building, Taiwan (currently the Y.S. Sun Green 
Building Research Center at National Cheng Kung University in Tainan 
City, Taiwan). Results found that although the air temperature 
distribution was similar, the air temperature for the six heat sources 
was higher, especially nearer to the ground, during comparison with 
the two heat sources.  
 
2.3 Knowledge Gap  
From literature review, it is clear that research on the application 
of solar chimneys is generating interests worldwide. However, the 
state-of-the-art research generally concentrates on temperate countries 
with weather conditions very different from the tropics. The tropics is 
different from the temperate regions in term of the sun’s solar path, the 
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amount of solar irradiance and cloud cover, rendering solar chimney 
research in the tropics significantly different.  
Although a wide range of solar chimneys were heavily 
researched upon by Khedari and his research team based on the 
tropical Thailand weather, the buildings employed were simple and the 
limited experimental data points were unable to provide a 
comprehensive overview of the solar chimney’s efficiency and its effect 
on the thermal environment of the interior spaces. Furthermore, the 
suggestion that low ambient air speed commonly experienced in the 
tropics is insignificant towards the performance of the solar chimney 
may require further in-depth research.  
In addition, although theoretical analysis is developed for solar 
chimney and widely applied together with experimental and 
computational results, theoretical results are limited to small-scale solar 
chimneys where the maximum stack height published is 4m by Ong 
(2003). The inability for theoretical analysis to be extended to large 
scale solar chimney may be due its assumption that heat transfer is 
only one-dimensional across the horizontal which implies that there are 
no temperature variations along the exterior and interior surfaces 
vertically. This assumption becomes invalid as physical scales 
increases.  
Furthermore, theoretical analysis is limited to only vertical solar 
chimney with glass glazing as its exterior surfaces and yet to be 
applied to inclined or non-glass glazing solar chimneys. As solar 
chimney research progress, theoretical analysis may need to be further 
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developed to explain more complex solar chimney design with various 
constructing materials. 
As mentioned, although solar chimney predominately employed 
glass glazing as its exterior surfaces, there are increasing examples of 
design using roof tiles or metal sheets as alternative, especially for 
inclining solar chimneys which are integrated with the roof surface. 
Generally, glass glazing amplified the greenhouse effects which 
increase the thermal stack within the solar chimney but allow heat to be 
transferred into the interior at a higher rate if insulation fails; non-glass 
glazing lacks the greenhouse effects and less heat energy is 
transferred to the air within but as the exterior surface is of higher 
temperature than the interior surface, non-glass glazing actually acts 
as a thermal buffer for the interior. Furthermore, the ease and cost of 
construction differ as well. Hence, more research is required to 
determine the performance of non-glazing solar chimney.  
Lastly, the limited correlations published in literature, 
concentrate on solar chimney and not the interior space (summarized 
in Appendix B) which is not very useful for planners and designers to 
incorporate solar chimney into buildings and predict its performance. 
Furthermore, the input parameters of existing correlations are not 
comprehensive, obtained from solar chimney with smaller scale and 
maximum stack height of 4m from Villi et al. (2009). This may miss out 





From the literature reviewed and the examination of the 
knowledge gap, further research is needed for solar chimney of larger 
physical scale, especially in the tropics. This research therefore, 
concentrates on solar chimney design that combines both vertical and 
inclined surfaces, as seen in Figure 2-2. 
It may be hypothesized, as shown in Figure 2-3, that for an 
interior space subjected to solar chimney ventilation in the tropics, the 
interior air temperature and speed depend on the ambient solar 
irradiance and air speed; the solar chimney’s stack height, depth, width 
and inlet’s position; as well as the internal heat load. With these input 
parameters, the solar chimney’s performance can be further optimized.  
In tropical climates, as ambient air temperature is strongly 
influenced by solar irradiance, designers tend to provide exterior 
shading for buildings. Hence, although ambient air outside buildings is 
directly proportional to solar irradiance, the temperature fluctuation is 
fairly limited and therefore, left out of the hypothesis. 
For meaningful design consideration, the solar chimney will be 
integrated into the roof design. Hence, the inclination angle of the solar 
chimney will be the inclination angle of the roof. Although the inclination 
angle of the solar chimney is an important design parameter, designers 
usually decide the inclination angle of the roof based on building codes 
and occupancy’s preference. This is the reason why the solar 
chimney’s inclination angle is not included within the hypothesis. 
Similarly, although the volume of the interior and the size of the 
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interior’s fenestration may influence the solar chimney’s performance, 
they are designed according to occupancy’s needs and the ranges of 
scales for parameterized variation are limited.  
 
Figure 2-3: Diagrammatic representation of hypothesis 
The hypothesis examines the operability and performance of 
non-glass glazing solar chimney in the tropics as the material and 
construction cost are lower compared to glass glazing. The material 
employed will more likely be metal sheets with similar absorptivity and 
TR; SR IA 
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+ 
? + ? ? ? 
? 
(TR; SR) = function (IA, SA, HS, DS, WS, PS, QR) 
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Hypothesized Question 1: 
Is the solar chimney operable in the tropics? Are the 
low ambient air speed, position of solar chimney’s 
inlet and internal heat loads significant? 
Hypothesized Question 2: 
With the significant input parameters determined, how 
do these parameters influence the performance of the 
solar chimney in the tropics? 
Hypothesized Question 3: 




emissivity values. Furthermore, the dimensions of the inlet and outlet of 
the solar chimney are fixed as recommended from literature, having 
similar dimensions as the solar chimney for better performance.  
Lastly, the influences of the ambient air speed (especially in the 
tropics) and the position of the solar chimney’s inlet are still debatable; 
the ambient air speed received mixed reviews while limited researches 
were conducted on the position of the solar chimney’s inlet and the 
presence of internal heat load. Hence, although they are included in 
the hypothesis, a pilot study is conducted to determine their effects. 
This pilot study will be useful before deciding the ideal approach in 
analyzing the hypothesis and its novelty in attempting to understand 
the wide range of input parameters (especially internal heat gains) and 
their combined effects on the solar chimney’s performance under 
tropical weather conditions.  
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Chapter 3 Pilot Study  
 The pilot study was conducted within the Zero Energy Building 
(ZEB) of the Building and Construction Authority (BCA) Academy of the 
Built Environment. The ZEB is a three-stories building measuring 
64.2m in length by 21.0m in width by 14.2m in height, retrofitted in 
2009 with a range of green features to ensure a net zero energy 
consumption rate. Among these green features, the solar chimney was 
employed to enhance the air ventilation within the interior spaces.  
  
Figure 3-1: The ZEB at BCA Academy   
3.1 Objectives 
The pilot study foremost examines the first objective of this 
research: the operability of solar chimney in the tropics. In addition, as 
mentioned in Chapter 2, the effects of ambient air speed, position of 
the solar chimney’s inlet and the influences of internal heat sources are 
varied to determine whether they are significant to be included in the 
hypothesis. 
Although the pilot study is predominating experimental analysis, 
an attempt will be made to apply the developed theoretical analysis 
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and published correlations on the ZEB experimental measurements in 
order to determine their applications. Furthermore, a computational 
model will be developed to validate the experimental data as well as to 
further explore the influences of the selected input parameters.  
 
3.2 Experimental Methodology 
As seen in Figure 3-1, the northern wing of the ZEB is subjected 
to natural ventilation enhanced by the solar chimney, seen as red ducts 
along the west and east façades as well as along the roof. These ducts 
connect to the two classrooms at the first and second floors; each 
classroom measures 8.8m in length by 9.3m in width by 3.4m in height 
while the multiple-purpose hall on the third floor measures 18.0m in 
length by 18.0m in width by 6.6m in height. During the day, the solar 
irradiance heats up the air within the solar chimney, causes expansion 
and a drop in density, allows air to rise out of the chimney’s outlet as 
well as induces cooler air into the interior through the fenestrations.  
 
3.2.1 Solar Chimney  
The solar chimney consists of four vertical ducts on the west 
façade serving the classrooms in the first and second floors as well as 
two vertical ducts on the east façade and four vertical interior ducts 
serving the hall on the third floor. These ten inlets extended horizontally 
onto the roof before interconnecting to the four vertical chimney outlets 
in the middle. The inlets and outlets of the solar chimney are arranged 
in four vertical planes (numbered 1 to 4 from North to South) and are 
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connected via a horizontal duct along the middle of the roof. Each of 
the four interior inlets and chimney outlets are located separately in 
each plane, as seen in Figure 3-2 and Figure 3-3. 
 
Figure 3-2: Solar chimney inlets (in green) and outlets (in orange) along the 
four planes 
Along the west façade, inlets in plane 1 and plane 2 serve the 
level 1 Classroom A1-2 while the inlets in plane 3 and plane 4 serve 
the level 2 Classroom A2-1; along the east façade, inlets serve the hall 
in plane 1 and 4. Under solar radiation (red dotted arrows), air within 
the solar chimneys expand and rise out of the outlets, drawing the 
ambient air into the interior through the fenestrations (dark blue solid 
arrows). The ambient wind (light blue solid arrows) acts as an addition 
push factor, complementing the pull factor from the stack effect. In the 
absence of strong solar radiation, the interconnectivity of the solar 
chimney hopes to achieve sufficient air movement in the classrooms 







Figure 3-3: Solar chimney (in increasing shades of red) along west façade (left) 
and roof (right) of ZEB  
Classroom A1-2 on the first level is subjected to two solar 
chimneys (planes 1 and 2) on the west façade, with their inlets 2.50m 
above the ground, measuring 0.50m by 0.70m in height and width 
respectively. Air travels 10.40m vertically along the wall, along the 
curved roof measuring 9.00m in width and 1.55m in height before 
escaping from the 3.00m tall physical chimney. Classroom A2-1 on the 
second level is subjected to the other two solar chimneys on the west 
façade (planes 3 and 4) but air travels 6.80m vertically along the wall.  
Connected on the roof, the four 3.00m tall physical chimneys 
extend 1.50m downward into the hall, employing perforated surfaces. 
Furthermore, two additional solar chimneys on the east façade (planes 
1 and 4) serve the hall. The inlets of these two solar chimneys are 
2.50m above the ground of the hall, extending 4.45m vertically along 
the wall before turning westward along the curved roof to connect with 
the physical chimneys.     
The solar chimney is made of 3mm thick aluminum plates, with 
its width and depth measuring 1.00m by 0.30m respectively. The 
physical chimney on the rooftop is circular at the bottom with a 
diameter of 1.00m and elliptic at the top with its major and minor axes 






measuring 2.20m and 1.00m respectively. Air escapes through the 
outlet along the side of these physical chimneys measuring 0.785m in 
height with 60% clear opening. The solar chimneys are shown in 
Figure 3-3.  
 
Figure 3-4: Plan view (left) and side view (right) along west façade highlighting 
locations of air temperature and speed sensors (red dots, CT-1 to CT-13 and 
CS-1 to CS-13) as well as surface temperature sensors (blue squares, CST-3 to 
CST-9) serving Classroom A1-2 
Within the solar chimney, a total of 32 air temperature and 
speed sensors are installed with their location, summarized in Table 
3-1. These OJ Elektronik air transducer ESF-35 sensors have a speed 
range of 0.0m/s to 2.0m/s and a temperature range of 0.0oC to 50.0oC, 
with an absolute accuracy of 5% (OJ Elektronik, 2010). In addition, a 
total of 26 surface temperature sensors are installed on the ducts’ 
exterior surface. These T thermocouples have a temperature of -250°C 
to 350°C with standard error limits of 1°C (Omega, 2011). Calibrations 
were performed by comparing the sensors’ readings with hand-held 
equipment and inaccuracies were corrected by the manufacturer. 



















air speed and surface temperature are recorded at a logging interval of 
five minutes and further averaged over every five readings. 
 
Figure 3-5: Plan view (left) and side view (right) along west façade highlighting 
locations of air temperature and speed sensors (red dots, CT-14 to CT-26 and 
CS-14 to CS-26) as well as surface temperature sensors (blue squares, CST-15 
to CST-17, CST-19 to CST-22) serving Classroom A2-1 
13 air temperature and speed sensors are placed at uniform 
intervals along the solar chimney serving Classroom A1-2. According 
to Figure 3-4, two sensors are placed slightly above the two inlets, with 
another three sensors located 2.00m, 4.00m and 6.00m (in plane 2) 
above the inlet. A further four sensors are placed on the roof at a 
distance of 2.00m, 4.00m, 6.00m and 8.00m away from the physical 
chimneys while the last four sensors are placed at the top and bottom 
of the two physical chimneys respectively. In addition, seven T 
thermocouple sensors are placed 2.00m, 4.00m and 6.00m above the 
solar chimney’s inlet as well as 2.00m, 4.00m, 6.00m and 8.00m away 





















Table 3-1: Locations of air temperature and speed as well as surface 







• East façade inlet 
• West façade inlet 
• Bottom of chimney outlet 










• West façade inlet 
• Bottom of chimney outlet 
• Top of chimney outlet 
• West façade spaced 2 m 












• West façade inlet 
• Bottom of chimney outlet 
• Top of chimney outlet 
• West façade spaced 1 m 












• East façade inlet 
• West façade inlet 
• Bottom of chimney outlet 
• Top of chimney outlet 











• Bottom of chimney outlet 
 (north, south, east and west) 
- 4 
• Top of chimney outlet  
 (north, south, east and west) 
- 4 




Similarly, 13 air temperature and speed sensors are placed at 
uniform intervals along the solar chimney ducts serving Classroom A2-
1. According to Figure 3-5, two sensors are placed slightly above the 
two inlets, with another three sensors located 1.00m, 2.00m and 3.00m 
(in plane 3) above the inlet. A further four sensors are placed on the 
roof at a distance of 2.00m, 4.00m, 6.00m and 8.00m away from the 
physical chimneys while the last four sensors are placed at the top and 
bottom of the two physical chimneys respectively. In addition, seven T 
thermocouple sensors are placed 1.00m, 2.00m and 3.00m above the 
solar chimney’s inlet as well as 2.00m, 4.00m, 6.00m and 8.00m away 
from the physical chimneys on the roof to record the outer surface 
temperatures.  
In addition, four air temperature and speed sensors as well as T 
thermocouple sensors are placed along the roof nearer to the east 
façade (in plane 4) at a distance of 2.00m, 4.00m, 6.00m and 8.00m 
away from the physical chimneys while the remaining two air 
temperature and speed sensors are placed just above the two inlets (in 
planes 1 and 4) at the east façade. Lastly, the remaining eight T 
thermocouple sensors are place at the top and bottom of the physical 
chimney (in plane 4) in all four directions.  
 
3.2.2 Classroom A1-2  
Classroom A1-2 on the ground floor is partitioned into 2 regions 
(see Figure 3-6), serving as the experimental and reference (inlet in 
plane 1 is closed) regions while the fenestration on the east façade 
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measures 2.4 m high by 3.1 m wide. The solar chimney effect is 
achieved by the ambient air moving into the classroom from the 
combined “push effect” of the ambient wind and “pull effects” of the 
solar stack, traveling across the interior before entering the inlet of the 
solar chimney and escaping through the outlet.  
 
Figure 3-6: Arrangement of air temperature and speed sensors in experimental 
(in green) and reference (in orange) regions of classroom A1-2 (in meters)  
   



































































In addition, to further analyse the influences of the position of 
the solar chimney’s inlet on the solar chimney’s performance and the 
corresponding air movement within Classroom A1-2, the original inlet 
located 2.50m above the ground (experimental region) is lowered by 
installing an additional perplex duct (having similar dimensions with the 
exterior aluminium ducts) within the interior. As shown in Figure 3-7, 
three inlet positions were examined – the top, middle and bottom inlet 
each measuring 1.97m, 1.20m and 0.50m above the ground 
(measured from the middle of the inlet) respectively.  
   
Figure 3-8: Sensors arrangement in experimental region of Classroom A1-2  
Within the experimental region, a total of 10 air temperature 
sensors are positioned 1.05m and 2.00m above the ground (facial 
height of human sitting down ranged from 1.00m to 1.20m facial height 
of human standing up ranged from 1.80m to 2.00m) in sets of fives with 
another 10 corresponding sensors in the reference region. These 
HOBO H08-003-02 dataloggers range from -20oC to 70oC with an 
accuracy of 1oC at room temperature (Onset, 2009) and are calibrated 
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under a common room temperature which gives measurement errors of 
0.5oC. These instantaneous readings are recorded at a logging interval 
of five minutes and further averaged over every five readings.  
Table 3-2: Locations of air speed and temperature sensors in Classroom A1-2  
Air Temp Air Speed Coordinates  
(x,y,z; in m) Expt Ref Expt 
AT-1 BT-1 AS-1 (1.10, 3.00, 1.05) 
AT-2 BT-2 AS-2 (2.20, 3.00, 1.05) 
AT-3 BT-3 AS-3 (1.70, 4.65, 1.05) 
AT-4 BT-4 AS-4 (1.10, 6.30, 1.05) 
AT-5 BT-5 AS-5 (2.20, 6.30, 1.05) 
AT-6 BT-6 - (1.10, 3.00, 2.00) 
AT-7 BT-7 - (2.20. 3.00, 2.00) 
AT-8 BT-8 - (1.70, 4.65, 2.00) 
AT-9 BT-9 - (1.10, 6.30, 2.00) 
AT-10 BT-10 - (2.20, 6.30, 2.00) 
 
In addition, five air speed sensors are positioned 1.00m above 
the ground in the experimental region (see Figure 3-6 and Table 3-2) 
beside the air temperature sensors. These Dantec 54T33 draught 
probes have a calibrated speed range (for low air speed) of 0.10m/s to 
5.00m/s with an accuracy of 0.02m/s (Dantec Dynamics, 2010) and are 
calibrated with wind tunnel results before and after every different 
stage of the experiments. The accuracy of the sensors can be taken to 
be within 0.1m/s with confidence. The sampling interval is a period of 
ten seconds, averaged over 40 data points while readings are 
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continuously obtained at a logging interval of five minutes and further 
averaged over every five readings. Finally, the ambient air temperature 
and speed are located 1.40m away from the classroom at a height of 
1.05m above the ground, in line with sensor position AS-2 and AS-5. 
Details can be found in Figure 3-8. 
All experiments in Classrooms A1-2 and A2-1 are carried out 
without the presence of occupants. Hence, a perception study is 
conducted to understand the influence of solar chimney on the thermal 
comfort of occupants. 15 to 20 high school students wearing identical 
uniform are seated (and distributed uniformly) in Classroom A1-2 and 
another adjacent classroom without the presence of solar chimney. 
These students are seated for 15 to 30 minutes to adjust to the 
conditions of the classrooms as well as to reach similar metabolic rate. 
Without being informed of the presence of the solar chimney, their 
thermal comfort levels are accessed using a seven-point Bedford scale.  
 
3.2.3 Classroom A2-1  
While experiments in Classroom A1-2 are carried out to 
determine the solar chimney’s operability, experiments are carried out 
in Classroom A2-1 to determine the effects of the tropical low ambient 
air speed. Classroom A2-1 is not partitioned and there are now two 
solar chimney ducts (both opened) serving the interior, as seen in 
Figure 3-9 and Figure 3-10.  
Similar to Classroom A1-2, a total of 10 air temperature sensors 
are positioned 1.05m and 2.00m above the ground in sets of fives in 
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Classroom A2-1. These HOBO H08-003-02 dataloggers have a 
temperature range of -20oC to 70oC with an accuracy of 1oC at room 
temperature (Onset, 2009) and are calibrated under a common room 
temperature which gives measurement errors of 0.5oC. The 
instantaneous readings are recorded at a logging interval of five 
minutes and further averaged over every five readings.  
 
Figure 3-9: Arrangement of air temperature and speed sensors in classroom 
A2-1 (in meters)  
   



























































In addition, five air speed sensors are positioned 1.05m above 
the ground (see Figure 3-10 and Table 3-2) beside the air temperature 
sensors. These Dantec 54T33 draught probes have a calibrated speed 
range of 0.10m/s to 5.00m/s with an accuracy of 0.02m/s (Dantec 
Dynamics, 2010) and are calibrated with wind tunnel results before the 
experiments. The sampling interval is a period of ten seconds, 
averaged over 40 data points while readings are continuously obtained 
at a logging interval of five minutes and further averaged over every 
five readings. Finally, the ambient air speed and temperature are 
located 1.40m away from the classroom at a height of 1.05m above the 
ground, in line with sensor position AS-2 and AS-5.  
Table 3-3: Locations of air speed and temperature sensors in Classroom A2-1 
Air Temp Air Speed 
Coordinates  
(x,y,z; in m) 
AT-1 AS-1 (4.10, 3.00, 1.05) 
AT-2 AS-2 (6.60, 3.00, 1.05) 
AT-3 AS-3 (5.50, 4.65, 1.05) 
AT-4 AS-4 (4.10, 6.30, 1.05) 
AT-5 AS-5 (6.60, 6.30, 1.05) 
AT-6 - (4.10, 3.00, 2.00) 
AT-7 - (6.60, 3.00, 2.00) 
AT-8 - (5.50, 4.65, 2.00) 
AT-9 - (4.10, 6.30, 2.00) 
AT-10 - (6.60, 6.30, 2.00) 
 
3.3 Theoretical and Computational Methodology    
The theoretical analysis developed from published literature 
(Ong, 2003; Ong and Chow, 2003; Bansal et al., 2005) applies only to 
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vertical solar chimney with glass glazing and a 4m maximum stack 
height. Nevertheless, an attempt will be made to apply the theory 
(shown in Appendix C) to the non-glass glazing solar chimney serving 
Classroom A1-2. Furthermore, published correlations (in Table 3-4) 
applicable to the obtained experimental results will also be compared.  
Table 3-4: Correlations to be compared with ZEB experimental data 





















































































Bassiouny and Korah (2009)
 











































At the same time as estimation, a computational model 1  is 
developed to valid the experimental results of Classroom A2-1 during 
the hot afternoon. Applying symmetry, the computational model is only 
half of the physical domain along the x-axis with a symmetrical 
boundary condition along the mid-plane x = 4.4m. Boussinesq 
                                            
1
 Detailed explanation shown in Chapter 4: Computational Methodology.    
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approximation is employed to define the density of air while the k-ε 
realizable turbulent model with enhanced wall treatment is applied. 
Furthermore, as seen in Figure 3-11, the circular physical chimney is 
simplified into a trapezoidal with equal volume and outlet opening.  
 
Figure 3-11: Computational model to validate Classroom A2-1  
For an accurate validation of the experimental results of 
Classroom A2-1, the entire ZEB with its external environment should 
be modelled. However, this approach is greatly computational 
expensive and hardly employed. Instead, only Classroom A2-1 and its 
corresponding solar chimney are modelled; the computational inlet and 
outlet are the fenestrations of Classroom A2-1 and the outlet of the 
solar chimney respectively.  
This approach will greatly reduce the computational domain and 
the corresponding simulation time. However, as Classroom A2-1 is 
subjected to ambient air speed during experiments, employing the 
“pressure inlet” of zero gauge pressure at the computational inlet does 











“velocity outlet” are employed at the computational inlet and outlet 
respectively; smoke test in Classroom A2-1 (seen in Figure 3-12) 
shows that half of the fenestrations experience an influx of air into the 
interior while the another half experience an outflux of air away from 
the interior. These average air speeds of both the influx and outflux of 
air (estimation of the actual velocity profile) are determined from the 
ambient air speed located at 1.40m away from Classroom A2-1.  
 
Figure 3-12: Smoke test showing direction of airflow at fenestrations of 
Classroom A2-1  
In addition, another computational model is developed (the pure 
stack model) by employing the computational inlet and outlet as 
“pressure inlet” and “pressure outlet” respectively. This model tries to 
determine the performance of the solar chimney serving Classroom 
A2-1 under zero ambient air speed.  
Lastly, the internal heat load from 5.00W/m2 to 20.00W/m2 over 
an increment of 5.00W/m2 is further applied onto the computational 
pure stack model (the internal heat load model) to understand the 
influences of internal heat load. This translates into five to 20 human 
(Classroom A2-1 has a full seating capacity of 30 but usually consists 
of 16-20 students) heat load of 80W per person within the interior over 
Smoke entering 
Classroom A2-1 
as seen from the 








an increment of five people and is modelled as heat flux from the 
ground surface.  
 
3.4 Results and Discussion   
The effectiveness of the solar chimney depends greatly on the 
ambient solar irradiance and air speed. Figure 3-13 shows the typical 
ambient solar irradiance, air temperature and speed at the roof of ZEB.  
 
Figure 3-13: Typical ambient irradiance, air temperature and air speed  
However, it is important to note that the ambient air temperature 
and speed outside the fenestrations of Classrooms A1-2 and A2-1 are 
typically much lower than the values obtained in Figure 3-13. This is 
because the ambient environment outside the classrooms is shaded 
and not exposed to direct solar irradiance.  
 
3.4.1 Operability and Performance of Solar Chimney 
From Figure 3-14, typical hot and cool days are compared to 
understand the performance of the solar chimney system and its 
impact in the classroom. Cool days are generally defined as having on 




















































average, solar irradiance less than 700W/m2, a value of affordable 
thermal comfort for corridor subjected to solar radiation in the tropics 
(Bay, 2006); similar conditions experienced by the solar chimney.  
 
Figure 3-14: Ambient irradiances and surface temperatures of solar chimney 
serving Classroom A1-2 (black: hot day, green: cool day)  
 
Figure 3-15: Air temperatures within solar chimney along west façade serving 
Classroom A1-2 (black: hot day, green: cool day)  
The exterior surface temperature of the solar chimney is found 
to follow the ambient solar irradiance closely during both the hot and 
cool days, reaching maximum values of 60oC and 48oC respectively. 
The readings from sensor CST-5 (6.0m above the inlet on the west 
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façade) are lower than that of sensor CST-7 (6.0m away from outlet on 
the roof) due to shading from a row of trees in front of the west façade. 
Although the solar chimney is shaded, during the period between 
1400hrs to 1600hrs, solar irradiance is able to reach the solar chimney 
fully. Observations over the period of experiments note that without the 
presence of shading, the air temperature and speed within the solar 
chimney are slightly higher. 
 
Figure 3-16: Air temperatures within solar chimney along rooftop serving 
Classroom A1-2 (black: hot day, green: cool day)  
The exterior surface of the solar chimney absorbs the solar heat 
energy which is conducted to the air within before escaping through the 
outlet due to convection. Hence, air temperature within the solar 
chimney increases as it travels from the inlet to outlet, reaching a 
maximum along the roof before dropping at the outlet (Figure 3-15 and 
Figure 3-16). Comparing the maximum temperature difference, 
between solar chimney inlet CT-2 and CT-7 shows a temperature 
difference of 17oC at noon, proving the operability of solar chimney in 
the tropics. 

































Figure 3-17: Air speeds within solar chimney along west façade serving 
Classroom A1-2 (black: hot day, green: cool day)  
 
Figure 3-18: Air speeds within solar chimney along rooftop serving Classroom 
A1-2 (black: hot day, green: cool day)  
Furthermore, the temperature increases is generally greater in 
hotter days, with a temperature difference of 2oC to 3oC higher 
comparing to the cooler days. In addition, the temperature at CT-1 
(reference inlet) is much higher during both the hot and cool days 
comparing to CT-2 (experimental inlet) as the lack of natural 
convection is unable to remove the heat from solar irradiance.    

























































As air heats up, its density drops and produces the thermal 
stack effect, increasing its speed. As shown in Figure 3-17 and Figure 
3-18, during the hot day, air speed increases along the west façade 
before dropping as it takes a turn and increases to its maximum value 
of 1.9m/s before decreasing again at outlet CT-13.  
 
Figure 3-19: Air temperatures in Classroom A1-2 and ambient air temperatures 
(black: hot day, green: cool day)  
 
Figure 3-20: Air speeds in Classroom A1-2 and ambient air speeds (black: hot 
day, green: cool day)  
During cooler weather, the low irradiance with tree shading is 
unable to produce sufficient thermal stack to drive the solar chimney on 





























































the west façade and rooftop as the maximum temperature difference, 
between solar chimney inlet CT-2 and CT-7 shows a temperature 
difference of only 4oC at noon. 
However, a temperature difference of 2oC is observed within the 
level 3 hall due to its height of 6.6m and exposure to direct solar 
irradiance, inducing a thermal stack within the interior of the hall and air 
movement through the interior inlet (Figure 3-2). As the interior inlet 
and west façade inlet are linked, the thermal stack from the level 3 Hall 
is able to produce sufficient pressure to induce air movement in the 
solar chimney along the west façade serving Classroom A1-2.  
From Figure 3-17 and Figure 3-18, there is almost zero air 
speed at CS-1 (reference inlet). However, an average air speed of 
0.4m/s is detected at CS-11 (reference outlet), indicating air movement 
within the hall. This combined effect of the hall’s stack and the weak 
solar irradiance produced an average air speed of 1.1m/s along the 
rooftop on the cool day.  
Comparing the interior air temperature within the experimental 
and reference regions of Classroom A1-2, it is observed that the solar 
chimney is efficient in drawing out the thermal energy as the 
experimental region heats up slower and cools down faster with a time 
lag ranging from one to two hours and is most effective during the hot 
afternoon between 1300hrs to 1500hrs (Figure 3-19).  
With respect to the interior air speed, from Figure 3-20, the 
lower air speed within the solar chimney during the cool day translates 
into lower air speed within the experimental region of Classroom A1-2 
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at all the sensors locations. At the same time, the highest air speed is 
located at AS-3, reaching a maximum of 0.49m/s and 0.44m/s (due to 
the combined effects from the thermal stack from the level 3 Hall and 
low solar irradiance) during the hot and cool day respectively. 
Locations AS-1, AS-2 and AS-4 have similar values, giving average 
values of 0.26m/s and 0.24m/s in the hot and cool days respectively. 
The air change per hour for the hot day is fairly constant 
throughout the day and gives an average value of 8ACH. As the air 
change per hour is obtained by assuming the experimental inlet air 
speed at the center of the inlet as the entire uniform air speed, it is 
expected to over-predict the actual value and needs to be examined 
together with other output qualities. Although the solar chimney is 
shaded by trees, during the period between 1400hrs and 1600hrs 
where shading is insignificant (the solar path is high and its inclination 
angle is above the trees’ shades), no significant changes are observed 
in the interior air temperature and speed.    










Ref 30.7 0.00 1.207 Unacceptable 
Expt 30.3 0.40 0.806 Acceptable 
Cool 
Ref 29.9 0.00 0.868 Acceptable 
Expt 29.5 0.25 0.554 Acceptable 
 
To understand the impact of solar chimney on the interior 
thermal comfort, the PMV and PPD values are calculated based on 
Equation 1-2. According to Wang and Wong (2006), the acceptable 
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thermal condition of 20% PPD falls within the range of -1.3 to 1.1. From 
Table 3-5, the presence of solar chimney during the hot day shifts the 
thermal acceptability from unacceptable to acceptable (constant 
relative humditity of 65%). During the cool day, although the thermal 
draft is limited and hence the solar chimney is not operating well, the 
thermal acceptability within the interior in the reference region is 
already acceptable and hence not a serious concern. These results 
show the operability and performance of the solar chimney; operating 
during weather conditions that most required ventilation.  
















21 79 0 0 
 
Lastly, from Table 3-6, the results from the perception study 
using a seven-point Bedford scale is similar to the PMV values where 
the presence of the solar chimney significantly shifts the interior 
thermal comfort level from “too warm” and “much too warm” to 
“comfortably warm”.    
 
3.4.3 Effects of Position of Solar Chimney’s Inlet   
Four different days with low solar irradiance of less than 
700W/m2 (see Figure 3-21) are compared. It is observed that the 
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surface temperature of the solar chimney follows the solar irradiance 
closely. In addition, similar solar irradiance and surface temperature 
profiles are observed between 1300hrs and 1500hrs, suggesting that 
the thermal stack from the hall is aiding the air movement.  
 
Figure 3-21: Solar irradiances and surface temperatures of solar chimney 
serving Classroom A1-2 for various inlet positions  
 
Figure 3-22: Air temperatures and speeds within solar chimney serving 
Classroom A1-2 for various inlet positions  
Result from Figure 3-22 shows that changing the inlet’s position 
has limited effect on the air temperature (taking into consideration their 
corresponding solar irradiance) and speed within the solar chimney. 
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This may be because the addition 2.0m extension of the solar chimney 
within the interior is not exposed to solar irradiance and is insignificant 
compared to the original 10.9m stack height. Hence, the solar stack 
height is unaffected.  
 
Figure 3-23: Air temperatures in Classroom A1-2 for various inlet positions  
 
Figure 3-24: Air speeds in Classroom A1-2 for various inlet positions  
Furthermore, from Figure 3-23, the position of the solar chimney 
west façade inlet is found to have limited impact on the air temperature 
within the classroom, similar to published literature (Barozzi et al., 
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1992; Drori and Ziskind, 2004). Comparing with the reference region, 
all four inlet positions show a lower air temperature in the experimental 
region. In addition, the top position registers the lowest air temperature 
value of 27.5oC, which is followed by the middle and bottom positions 
with the original position having the highest temperature.  
 
Figure 3-25: Air movement within Classroom A1-2 for various inlet positions 
(side view)  
Comparing the air speed within the interior, an increase in air 
speed is observed at the area nearer to the inlet. From Figure 3-24, the 
air speed in location AS-3 under the original inlet position shows an 
average value of 0.40m/s. However, the air speeds at the other three 
inlet positions increase to 0.50m/s. At location AS-4, the location 
nearest to the inlet, air speed increases significantly from 0.25m/s at 
the original inlet position to a maximum of 0.60m/s at the middle inlet 



























Smoke tests are carried out to examine the changes in air 
movement within Classroom A1-2 due to the position of the solar 
chimney’s inlet. Results show (see Figure 3-25) that air movement is 
significantly impacted by the inlet’s position. Air travels from the top of 
the fenestrations, crosses the interior and moves toward the inlet; the 
lower the inlet’s position the further the air will be forced to travel 
downward towards sensor AS-4. Therefore, at the middle inlet position, 
air is forced to travel in the region around sensor AS-4 (occupancy 
level), explaining the increased in air speed.  
 
3.4.3 Effects of Ambient Air Speed   
To determine the influences of ambient air speed, three days 
are examined comparing the ambient solar irradiance and air speed for 
Classroom A2-1. From Figure 3-26, the solar irradiance during Day 1 
(hot day with low ambient air speed) ranges from 200W/m2 to almost 
1000W/m2 while its ambient air speed fluctuates between 0.4m/s and 
2.0m/s; on Day 2 (cool day with both high and low ambient air speed) 
where maximum solar irradiance is around 650W/m2, air speed is 
generally below 3.0m/s except two instants where it reaches 4.0m/s 
and 5.0m/s; during Day 3 (hot day with high ambient air speed), the 
solar irradiance reaches a maximum of 1100W/m2 during the mid-
afternoon with a corresponding ambient air speed ranging from 2.0m/s 
to 4.3m/s.  
Once again, cool days are generally defined as having on 
average less than 700W/m2, a value of affordable thermal comfort for 
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corridor under to solar radiation in the tropics (Bay, 2006) while low 
ambient air speeds are defined as air speed lesser than 2.0m/s, the 
typical air speed in the tropics (BCA, 2010). 
Similarly to Classroom A1-2, during all three days, the air 
temperatures within the solar chimney are highly dependent on solar 
irradiance. However, air speeds within the solar chimney are found to 
be a strong combination of both the solar irradiance and ambient air 
speed during Day 2. As in Figure 3-27, peaks in solar chimney’s air 
speeds at 1100hrs and 1400hrs as well as at 1200hrs, 1300hrs, 
1530hrs and 1620hrs correspond to peaks in solar irradiance and 
ambient air speed respectively. These combined effects are clear in 
Day 2 due to the low solar irradiance and high ambient air speed.  
The combined effects of solar irradiance and ambient air speed 
on the solar chimney’s air speed are less distinct for Day 1 where high 
solar irradiance occurs with low ambient air speed. On Day 3 with high 
solar irradiance and high ambient air speed, peaks in the solar 
chimney’s air speed during 1240hrs and 1340hrs correspond to peaks 
from both the solar irradiance and ambient air speed. 
Inside Classroom A2-1, similar observations with Classroom A1-
2 are observed: air temperatures follow the ambient air temperature, 
which in turn follow the solar irradiance. Generally, the interior air 
speed remains fairly constant for all three days. The comparative large 
interior volume (with respect to the solar chimney) may more likely 
damp out the fluctuations from the effects of solar irradiance and 
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ambient air speed. Fluctuations are only observed on Day 2 at 1200hrs 
and 1630hrs when the ambient air speed exceeds 3.0m/s (Figure 3-28).   
 
Figure 3-26: Ambient irradiances and air speeds for Classroom A2-1  
 
Figure 3-27: Air speeds and air temperatures within solar chimney serving 
Classroom A2-1  
From Day 1 and Day 3, high solar irradiance may be the 
dominant factor over ambient air speed as no corresponding 
fluctuations in interior air speed are observed for both low and high 
ambient air speed. This observation suggests that ambient air speed 
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may only be significant when it exceeds 3.0m/s, together with the 
presence of low solar irradiance less than 700W/m2.  
 
Figure 3-28: Air speeds and air temperatures in Classroom A2-1  
 
3.4.4 Theoretical Analysis and Correlations Comparison   
After analyzing the experimental data from the ZEB, an attempt 
is made to compare the values from Classroom A1-2 with theoretical 
analysis and published correlations.  

























966.2 33.9 30.1 2.04 33.9 30.3 33.3 59.8 46.5 - 
836.5 33.4 30.3 1.94 33.4 30.4 32.9 55.9 44.6 - 
756.0 33.2 30.3 1.21 33.2 30.4 32.8 54.5 44.9 - 
651.8 32.9 30.3 2.30 32.9 30.4 32.5 52.2 43.2 - 
549.3 33.5 30.3 1.46 33.5 30.4 33.0 51.4 43.9 - 
From Figure 3-29, it is clear that experimental data shows that 
the temperature difference between the solar chimney’s exterior 
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surface and the air within increases with increasing solar irradiance. 
However, the increasing trend is less obvious for solar chimney’s air 
speed and the interior air change rate.  
As the vertical portion of the solar chimney in ZEB is shaded 
from trees, only the experimental data from the inclined roof portion of 
the solar chimney (stack height of 3.45m inclining at about 10o to the 
horizon) serving the experimental region of Classroom A1-2 are 
compared with theoretical analysis from published literature.  
 
Figure 3-29: Temperature difference between solar chimney exterior surface 
and the air within (top), solar chimney’s air speed (middle) and air change rate 
(bottom) with reference to solar irradiance  
From Table 3-7, it is clear that the theoretical analysis is unable 
to explain the solar chimney results of ZEB. This could be due to the 
various convective heat transfer coefficients that were obtained based 
on smaller scales. Further examination shows that the high thermal 
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conductivity of aluminum with its narrow thickness of 3mm gives a 
conductive heat transfer coefficient in the 4th order of magnitude. 
Mathematically, this high value over-dominates the equations 
(explaining why the difference between the ambient air temperature 
and theoretical solar chimney exterior surface temperature is in the 
magnitude order of 10-4); physically, that high value means that heat 
transfer through the aluminum surface is highly unlikely to be one-
dimensional. Together with a large physical scale, the solar chimney of 
ZEB invalids the assumption that the surface temperatures of the solar 
chimney remain constant along its height and hence produce results 
that are inconsistent with experimental data.  
 
Figure 3-30: Nusselt number of solar chimney serving Classroom A1-2 with 
reference to Rayleigh number     
Applying correlations from published literature (shown in Figure 
3-30), the solar chimney’s Nusselt number is observed to be similar, 
especially with reference to Khedari et al. (2002) and Villi et al. (2009). 
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data decreases with increasing Rayleigh number while the correlations 
from literature show an increasing trend.  
 
Figure 3-31: Reynolds number of solar chimney serving Classroom A1-2 with 
reference to Rayleigh number     
 
Figure 3-32: Air change rate of solar chimney serving Classroom A1-2 with 
reference to solar irradiance     
This may be due to different inclination angles, the use of both 
vertical and inclined sections combined or the different materials of the 
solar chimney, suggesting that aluminum is not as effective in inducing 
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and the air within as compared to the ceramic tiles and terracotta tiles 
used by Khedari et al. (2002) and Villi et al. (2009) respectively.  
From Figure 3-31, the values of the solar chimney Reynolds 
number from experimental data remain fairly constant with varying 
Rayleigh number. This observation is also reflected in the published 
correlation from Khedari et al. (2002). However, experimental data is 
one order of magnitude greater than the correlations (could be due to 
the differences in the dimensions of solar chimney employed). 
Similarly, the experimental air change rate according to the 
correlation’s range (solar irradiance greater than 500W/m2 and solar 
chimney’s depth between 0.10m and 0.35m) provided by Bassiouny 
and Korah (2009) is about four times greater than published literature, 
as shown in Figure 3-32.  
In general, published correlations fail to explain the experimental 
data from ZEB which may likely be due to the greater physical 
magnitude of the solar chimney. Furthermore, the presence of ambient 
air speed during the experiments in ZEB may be another contributing 
factor as published correlations were developed based on zero 
ambient air speed.  
 
3.4.5 Validation of Experimental and Computational Results   
Although the numbers of sensors during the experiments in ZEB 
are significantly higher compared to literature, the data are still unable 
to give a comprehensive understanding of the performance of the solar 
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chimney. Hence, the computational approach is carried out by first 
conducting a model validation of Classroom A2-1 of ZEB. 
 
Figure 3-33: Model validation of air temperatures in solar chimney and 
Classroom A2-1 for low solar irradiance      
 
Figure 3-34: Model validation of air speeds in solar chimney and Classroom A2-
1 for low solar irradiance      
The data from Day 1 between 1230hrs and 1330hrs give an 
average ambient air speed of 1.37m/s and ambient air temperature of 
28.8oC. The ambient solar irradiance has a value of 923W/m2; the 65% 
absorptivity of red paint gives the computational heat source along the 
inclined solar chimney a value of 600W/m2. The vertical section of the 
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solar chimney is shaded by trees and registers a solar irradiance of 
210W/m2 and hence, the computational heat source is set at 140W/m2. 
 
Figure 3-35: Model validation of air temperatures in solar chimney and 
Classroom A2-1 for high solar irradiance      
 
Figure 3-36: Model validation of air speeds in solar chimney and Classroom A2-
1 for high solar irradiance      
Similarly, the data from Day 1 between 1030hrs and 1130hrs 
give an average ambient air speed of 1.11m/s and ambient air 
temperature of 29.0oC. The ambient solar irradiance has a value of 
634W/m2; the 65% absorptivity of red paint gives the computational 
heat source along the inclined solar chimney a value of 410W/m2. The 
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vertical section of the solar chimney duct is shaded by trees and 
registers a solar irradiance of 100W/m2 and hence, the computational 
heat source is set at 65W/m2. 
Table 3-8: Comparison and statistically testing of experimental and 
computational results in solar chimney and Classroom A2-1  
Averaged Results 













10-pts air speed in 
solar chimney (m/s) 
1.19 1.22 1.13 1.30 1.35 1.27 
10-pts air temp in 
solar chimney (oC) 
29.61 33.34 33.52 30.83 36.09 34.85 
5-pts air speed in 
Classroom A2-1 (m/s) 
0.38 0.67 0.11 0.42 0.85 0.13 
Planar air speed in 
Classroom A2-1 (m/s) 
- 0.40 0.09 - 0.50 0.10 
5-pts air temp in 
Classroom A2-1 (oC) 
28.19 29.00 29.00 28.38 28.80 28.80 
Planar air temp in 
Classroom A2-1 (oC) 
- 29.00 29.00 - 28.80 28.80 
Mean (42-pts) 20.52 21.87 22.34 21.86 24.17 23.57 
Std deviation 238.0 292.2 330.6 295.1 436.0 413.1 
Paired t-test, t82          
|2-tailed range| ≤ 1.96 
- -0.38 -0.12 - -0.55 0.13 
Ho: µexpt = µvalid - Yes - - Yes - 
Ho: µvalid = µstack - - Yes - - Yes 
 
The readings from Day 1 between 1030hrs and 1130hrs are 
selected as computational validation for low solar irradiance instead of 
Day 2 because of its period of relatively constant solar irradiance.  
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The corresponding locations of the various sensors are 
pinpointed within the computational domain and their values are 
compared, as seen in Figure 3-33, Figure 3-34, Figure 3-35, Figure 
3-36 and Similarly, the data from Day 1 between 1030hrs and 1130hrs 
give an average ambient air speed of 1.11m/s and ambient air 
temperature of 29.0oC. The ambient solar irradiance has a value of 
634W/m2; the 65% absorptivity of red paint gives the computational 
heat source along the inclined solar chimney a value of 410W/m2. The 
vertical section of the solar chimney duct is shaded by trees and 
registers a solar irradiance of 100W/m2 and hence, the computational 
heat source is set at 65W/m2. 
Table 3-8. Sensor CT-25 is found to be malfunctioning and its 
temperature reading is removed. Comparisons show that the 
experimental and computational data within the solar chimney are 
reasonably similar, except for the region within the physical chimney 
(CT-24, CS-21 and CS-24) where the influence of the solar chimney’s 
outlet is not accurately modeled.  
Moreover, the air temperatures within Classroom A2-1 are 
highly similar. Although the computational validated air speeds within 
Classroom A2-1 fluctuate, their averaged values from Table 3-8 give 
values of 0.40m/s to 0.67m/s and 0.5m/s to 0.85m/s for low and high 
solar irradiance respectively, comparable to experimental averaged of 
0.38m/s and 0.42m/s respectively. In addition, the 42-points mean 
values are 20.52 and 21.87 between the experimental and validation 
model respectively. Considering the estimation of the velocity input at 
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the fenestration, the modification of the outlet from circular to 
trapezoidal, errors are expected. Furthermore, the planar average 
interior output air speed is 0.50m/s, which is close to the experimental 
results of 0.42m/s. Hence, the experimental and computational results 
can be considered to be similar. 
 
Figure 3-37: Computational results of air temperature distribution (
o
C) for high 
solar irradiance along solar chimney mid-plane for validation (left) and pure 
stack (right) models 
 
Figure 3-38: Computational results of air speed distribution (m/s) for high solar 








Furthermore, statistically, the paired t-test t82 for both the low 
and high solar irradiance give values of -0.38 and -0.55 respectively, 
which fall into the critical range of -1.96 to 1.96. Hence, the null 
hypothesis where the means of the experimental and computational 
data are equal to each other is accepted. This conclusion validates the 
computational model of Classroom A2-1. 
 
Figure 3-39: Computational results of air temperature distribution (
o
C) for high 
solar irradiance at 1.05m above ground of Classroom A2-1 for validation (left) 
and pure stack (right) models 
 
Figure 3-40: Computational results of air speed distribution (m/s) for high solar 
irradiance at 1.05m above ground of Classroom A2-1 for validation (left) and 







With the computational model validated, the air temperature and 
speed within both the solar chimney and Classroom A2-1 are further 
examined. From Figure 3-37, the air temperature within Classroom A2-
1 remains constant. Due to the combined stack and wind effects, air 
flow upwards along the solar chimney but only heats up when it 
reaches the rooftop. Nevertheless, these “push” and “pull” factors 
cause air movement similar to the experimental and theoretical 
predictions, as seen in Figure 3-38. Furthermore, Figure 3-39 and 
Figure 3-40 show that interior air temperature remains constant at 
1.05m above the ground of Classroom A2-1 while interior air speed is 
higher at the center of the interior and lower nearer to the walls.   
Although the influences of low and high ambient air speeds are 
examined, there is a need to understand the performance of solar 
chimney under zero ambient air speed. From Figure 3-37, Figure 3-38, 
Figure 3-39 (differences in air speed are in the 3rd decimal places), 
Figure 3-40, and Similarly, the data from Day 1 between 1030hrs and 
1130hrs give an average ambient air speed of 1.11m/s and ambient air 
temperature of 29.0oC. The ambient solar irradiance has a value of 
634W/m2; the 65% absorptivity of red paint gives the computational 
heat source along the inclined solar chimney a value of 410W/m2. The 
vertical section of the solar chimney duct is shaded by trees and 
registers a solar irradiance of 100W/m2 and hence, the computational 
heat source is set at 65W/m2. 
Table 3-8, it is clear that the air temperature and speed within 
the solar chimney as well as the air temperature within Classroom A2-1 
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are similar under both zero and low ambient air speed regardless of 
solar irradiance; air temperature and speeds differ by less than 2oC and 
0.2m/s respectively.  
However, although statistically the paired t-test t82 for both low 
and high solar irradiance between the validation and pure stack models 
give values of -0.12 and 0.13 respectively which falls into the critical 
range of -1.96 to 1.96 and the null hypothesis is accepted, the 
differences in air speed within Classroom A2-1 between the validation 
and pure stack models strongly show the influence of low ambient air 
speed. From Similarly, the data from Day 1 between 1030hrs and 
1130hrs give an average ambient air speed of 1.11m/s and ambient air 
temperature of 29.0oC. The ambient solar irradiance has a value of 
634W/m2; the 65% absorptivity of red paint gives the computational 
heat source along the inclined solar chimney a value of 410W/m2. The 
vertical section of the solar chimney duct is shaded by trees and 
registers a solar irradiance of 100W/m2 and hence, the computational 
heat source is set at 65W/m2. 
Table 3-8, the air speeds within Classroom A2-1 are 0.40m/s 
and 0.09m/s for the validation and pure stack models respectively for 
low irradiance and 0.50m/s and 0.10m/s respectively for high solar 
irradiance. 
Lastly, experiments with solar chimney constantly face 
difficulties in obtaining air speed readings within the solar chimney or 
interior. From Similarly, the data from Day 1 between 1030hrs and 
1130hrs give an average ambient air speed of 1.11m/s and ambient air 
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temperature of 29.0oC. The ambient solar irradiance has a value of 
634W/m2; the 65% absorptivity of red paint gives the computational 
heat source along the inclined solar chimney a value of 410W/m2. The 
vertical section of the solar chimney duct is shaded by trees and 
registers a solar irradiance of 100W/m2 and hence, the computational 
heat source is set at 65W/m2. 
Table 3-8, it is observed that the five-point air speed readings 
give a reasonable prediction of the average air speed across the entire 
plane. 
3.4.6 Influences of Internal Heat Load   
The effects of internal heat load on the performance of solar 
chimney are hardly discussed in literature. From Figure 3-41, Figure 
3-42 and Table 3-9, it is clear that the effects of internal heat load are 
insignificant on the air temperature and speed within both the solar 
chimney and Classroom A2-1. 
Comparing with the pure stack model (high irradiance), the 
internal heat load model of 20.00W/m2 gives a maximum temperature 
difference of 3.55oC which is located at sensor CST-21 (surface 
temperature) while the maximum air speed difference is 0.10m/s which 
is located at sensor CS-16 (vertical solar chimney).  
Within Classroom A2-1, the air temperature and speed differ 
less than 1.23oC and 0.09m/s respectively comparing with the pure 
stack model. Furthermore, all four internal heat load models accept the 
null hypothesis where the means of the pure stack model and internal 
heat load model are equal to each other.  
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Table 3-9: Comparison and statistically testing of computational results of 





Internal Heat Load 
5W/m2 10W/m2 15W/m2 20W/m2 
10-pts air speed in 
solar chimney (m/s) 
1.27 1.29 1.33 1.31 1.33 
10-pts air temp in 
solar chimney (oC) 
34.85 35.14 35.54 35.27 36.01 
5-pts air speed in 
Classroom A2-1 (m/s) 
0.13 0.07 0.05 0.07 0.05 
Planar air speed in 
Classroom A2-1 (m/s) 
0.10 0.10 0.10 0.09 0.10 
5-pts air temp in 
Classroom A2-1 (oC) 
28.80 29.05 29.36 29.33 29.84 
Planar air temp in 
Classroom A2-1 (oC) 
28.80 29.03 29.31 29.29 29.72 
Mean (42-pts) 23.57 23.63 23.87 23.80 23.98 
Std deviation 413.1 409.9 412.4 412.2 402.9 
Paired t-test, t82 
|2-tailed range| ≤ 1.96 
- -0.01 -0.07 -0.05 -0.09 
Ho: µstack = µheat - Yes Yes Yes Yes 
 
As seen in Figure 3-43 and Figure 3-44, a temperature 
difference is experienced within Classroom A2-1 due to the internal 
heat load although the temperature difference is not significant. 
Similarly, although the air speed distribution between the pure stack 
and internal heat load of 20.00W/m2 model are different, the air speeds 




Figure 3-41: Air temperatures in solar chimney and Classroom A2-1 of internal 
heat load models for high solar irradiance      
 
Figure 3-42: Air speeds in solar chimney and Classroom A2-1 of internal heat 
load models for high solar irradiance   
Although published literature highlight the influences of stack 
effect due to interior heat load on interior spaces, it is important to 
understand that there is no temperature stratification within interior 
spaces in the tropics due to the relatively high ambient air temperature. 
This may be why an internal heat load of 20.00W/m2 only causes an 
increase in the average air temperature of Classroom A2-1 by 0.92oC.  
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Figure 3-43: Air temperature distribution (
o
C) for high solar irradiance in 




      
Figure 3-44: Air speed distribution (m/s) for high solar irradiance in Classroom 
A2-1 for pure stack (top) and internal heat load of 20.00W/m
2
 (bottom) models 
 
3.5 Recommendations and Modification to Hypothesis 
 From the analysis of the pilot study, during the presence of 
strong solar radiation, the solar irradiance heats up the exterior 
aluminum surface of the solar chimney which in turn heats up the air 







travel upwards along the solar chimney. As air turns into the roof, the 
direct solar irradiance causes the air temperature and speed to 
increase at a faster rate before finally escaping from the outlet. Hence, 
the solar stack pressure induces by the solar irradiance is successful in 
generating air movement within the interior classrooms.  
 
3.5.1 Conclusions from Pilot Study at ZEB   
 During a typical hot day, the surface temperature of the solar 
chimney can reach a temperature of 60oC while the air within can 
achieve a temperature 47oC and speed of 1.9 m/s. This leads into a 
one to two hours positive temperature time lag (heats up slower and 
cools down faster) in the interior as well as a higher air speed reaching 
a maximum of 0.49m/s. Results show that under the tropical cloudy 
conditions during the rainy monsoon, the low solar irradiance, together 
with the interconnecting thermal stack from the hall, can induce an 
average air speed of 1.5m/s and 0.4m/s within the solar chimney and 
interior respectively.  
Experimental results show the operability of the non-glass glazing solar 
chimney in the tropics with the presence of the 17oC ambient-solar 
chimney temperature difference during hot days while the acceptable 
thermal condition with respect to PMV and perception studies proved 
its performance. Although the operability of the solar chimney fails 
during cool days, the thermal condition without the presence of solar 
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Under low solar irradiance, 
a low ambient air speed 
• Did not increase solar 
chimney air speed 
greatly as both low and 
zero ambient air speed 
give an average air 
speed of 1.13m/s and 
1.19m/s respectively 
• Peaks in solar chimney 
air speed correspond 
to peaks in ambient air 
speed 
Under high solar irradiance, 
a low ambient air speed 
• Did not increase solar 
chimney air speed 
greatly as both low and 
zero ambient air speed 
gave an average air 
speed of 1.27m/s and 
1.30m/s respectively 
• Peaks in ambient air 
speed did not give rise 
to peaks in solar 












Under low solar irradiance, 
a high ambient air speed 
• Solar chimney air 
speed on Day 2 
significantly increases 
from an average of 
0.70m/s during 
1400hrs to 1500hrs 
(ambient air speed of 
1.00m/s) to a peak of 
1.80m/s at 1200hrs 
(ambient air speed of 
4.00m/s) 
• Peaks in solar chimney 
air speed correspond 
to peaks in ambient air 
speed and solar 
irradiance 
Under high solar irradiance, 
a high ambient air speed 
• Solar chimney air speed 
on Day 3 significantly 
increases from an 
average of 0.70m/s 
during 1130hrs to 
1230hrs (ambient air 
speed of 1.50m/s) to a 
peak of 1.80m/s at 
1240hrs (ambient air 
speed of 4.00m/s) 
• Peaks in solar chimney 
air speed correspond to 
peaks in ambient air 
speed and solar 
irradiance 
   
 In addition, the position of the solar chimney’s inlet is found to 
have limited influences on the solar chimney’s performance. However, 
experimental data and smoke test within Classroom A1-2 show that 
lowering the inlet to occupancy’s height of 1.20m significantly increases 
the interior air speed to a maximum of 0.60m/s. Further research 
  
100 
should be required to determine this effect as the air distribution pattern 
(streamlines) of the interior is not clearly visible from the smoke test. 
Table 3-11: Effect of ambient air speed on output air speed  
Interior Air 
Speed 
Solar Irradiance  


























Under low solar irradiance, 
a low ambient air speed 
• Significantly increases 
interior air speed from 
an average of 0.09m/s 
(zero ambient air 
speed) to 0.38m/s 
• Peaks in ambient air 
speed did not give rise 
to peaks in interior air 
speed 
Under high solar irradiance, 
a low ambient air speed 
• Significantly increases 
classroom air speed 
from an average of 
0.10m/s (zero ambient 
air speed) to 0.42m/s 
• Peaks in ambient air 
speed did not give rise 













Under low solar irradiance, 
a high ambient air speed 
• Significantly increases 
interior air speed on 
Day 2 from an average 
of 0.50m/s (low 
ambient air speed of 
1.00m/s) during 
1400hrs to 1500hrs to 
a maximum of 0.75m/s 
at 1620hrs (ambient air 
speed of 5.00m/s) 
• Peaks in ambient air 
speed did not give rise 
to peaks in interior air 
speed 
Under high solar irradiance, 
a high ambient air speed 
• Interior air speed on 
Day 3 remains fairly 
constant at 0.45m/s 
regardless of low 
ambient air speed of 
1.50m/s between 
1130hrs to 1230hrs or 
high ambient air speed 
of 4.00m/s at 1240hrs 
• Peaks in ambient air 
speed did not give rise 
to peaks in interior air 
speed 
 
From both the experimental and computational results, the 
influence of ambient air speed on the air temperature and speed within 
the solar chimney as well as the interior are examined. Firstly, the 
influence of ambient air speed on the air temperature within the solar 
chimney and interior is limited regardless of solar irradiance.  
  
101 
Secondly, generally under low ambient air speed of less than 
2.00m/s, the influence of ambient air speed on solar chimney air speed 
is insignificant compared to zero ambient air speed, although its 
presence may be felt under the low solar irradiance of less than 
700W/m2. When the ambient air speed is high (greater than 2.00m/s) 
solar chimney air speed increases regardless of solar irradiance. 
These observations are summarized in Table 3-10.  
Thirdly, although the ambient air speed is low and less than 
2.00m/s, it significantly increases the interior air speed compared to 
zero ambient air speed for both low and high solar irradiance. 
However, under high ambient air speed of greater than 2.00m/s, 
ambient air speed only significantly increases the interior air speed 
under low solar irradiance; no observable increase in interior air speed 
is detected when the solar irradiance is high (greater than 700W/m2). 
These observations are summarized in Table 3-11.  
 Literature reports the significant impact of ambient air speed 
over solar irradiance within the solar chimney (Awbi, 1994; Bansal, 
1994; Wong and Heryanto, 2004; Nouanegue et al., 2008) although 
solar irradiance is low. However in the tropics, the ambient air speed 
influences the solar chimney air speed only when it is greater than 
2.00m/s; comparing to zero ambient air speed, low ambient air speed 
does influence interior air speed although performance is comparable 
to cross ventilation.  
 Between low and high ambient air speeds, high ambient air 
speed is significant at low ambient solar irradiance. This observation 
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highlights the dominant position of the solar irradiance as compared to 
the ambient air speed due to the relatively high solar irradiance and low 
ambient air speed in the tropics.  
Furthermore, although the effect of low ambient air speed is 
found to be significant on the interior air speed, it did not perform better 
as compared to cross ventilation. Cross-ventilation (both fenestrations 
having width which are 66% of the interior’s width) predicts an average 
interior air speed having 37% of the ambient air speed (Allard, 1998); 
an ambient air speed of 1.37m/s gives a cross ventilation air speed of 
0.51m/s, comparable to the average air speed within Classroom A2-1 
of 0.42m/s (experimental) or 0.50m/s (validation model).  
Therefore, under the tropical weather with the presence of 
ambient air speed, simple cross ventilation is preferred over solar 
chimney; solar chimney is recommended to be employed under zero 
ambient air speed.  
On the other hand, when solar chimney is employed under zero 
ambient air speed and an occasional ambient air speed does appear, 
the interior ventilation is comparable to cross ventilation.  
In addition, theoretical analysis and existing correlations are 
unable to verify the experimental results from the pilot study. The main 
reason could be due to the larger physical scale of ZEB which invalid 
the theoretical one-dimensional heat transfer and cause the ranges of 




Finally, computational results show that the influences of internal 
heat load on the air temperature and speed within the solar chimney 
ducts as well as within the interior are limited.  
 
3.5.2 Modifications to Hypothesis    
From the results of the pilot study, the hypothesis in Figure 2-3 
is modified by removing the ambient air speed and internal heat load 
as input parameters while the position of the solar chimney’s inlet 
remains, as seen in Figure 3-45.  
 
Figure 3-45: Diagrammatic representation of modified hypothesis 









Hypothesized Question 1: 
Is the solar chimney operable in the tropics (Yes)? Are 
the low ambient air speed (No), position of solar 
chimney’s inlet (Yes) and internal heat loads (No) 
significant? 
Hypothesized Question 2: 
With the significant input parameters determined, how 
do these parameters influence the performance of the 
solar chimney? 
Hypothesized Question 3: 




The solar irradiance is further removed as although its impact is 
significant, in the tropics during the hot afternoon, the value of solar 
irradiance is fairly constant. Furthermore, higher solar irradiance is 
needed in order for the solar chimney to operate effectively and the 
interior will already be thermally comfortable during low solar irradiance.  
With the finalization of the four input parameters, the limitations 
of theoretical analysis as well as the large numbers of sensors and 
models which will be required for experiments in order to reach a 
comprehensive understanding, computational analysis is chosen for in-
depth design parameterization of the solar chimney.  
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Chapter 4 Computational Methodology 
 With the determination of four input parameters, a physical 
model is developed from the modified hypothesis which is followed by 
determining the ranges of parameterization before applying it to a 
computational model for in-depth research. This formed the basis in 
examining the second and third objectives of the research: the various 
design parameters that influences the solar chimney’s performance in 
the tropics and an optimal design that shows their relationship. 
 
4.1 Physical Model 
 The interior space on the ground floor of a building with solar 
chimney is assumed a square area of 64.00m2 with a height of 3.00m, 
a typical interior size of classrooms in schools, living rooms in private 
residential estates or manufacturing workspace in flatted factories (with 
low occupancy), as seen in Figure 4-1 where the solar chimney can be 
incorporated into the roof. The roof’s inclination angle is fixed at 45o to 
the horizon; the maximum inclination angle under Singapore’s building 
codes.  
The fenestration will face north with an area of 9.00m2 (1.50m in 
height by 6.00m in width giving a window-to-wall ratio of 37.5%) while 
the solar chimney will face south in order to maximize the amount of 
solar irradiance it receives.  
The construction materials for the building are the normal brick 
and concrete while the solar chimney is constructed from mild steel. 
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Mild steel is the material of kitchen exhaust commonly found locally 
and can be painted over with various colours, as seen in Figure 4-2. 
For the solar chimney design, a dull and dark colour coating with an 
absorptivity value of 0.80 is proposed. Metal is preferred over glass as 
it allows greater ease of construction on new buildings or retrofitting on 
existing buildings. Furthermore, to lower the cost of construction, the 
inlet and outlet of the solar chimney will be similar to air conditioning or 
kitchen exhaust outlets as seen in Figure 4-3. Lastly, the solar chimney 
will be placed in the middle of the façade instead of the ZEB design 
where solar chimneys are placed instead along the sides.    
  
Figure 4-1: Typical buildings suitable for solar chimney application 
   





Figure 4-3: Air conditioning (left) and kitchen exhaust outlet (right)  
 
Figure 4-4: Pictorial summary of physical model for solar chimney design  
As the ambient air outside the interior’s fenestration is normally 
shaded with overhangs or corridoors, the ambient air temperature is 
fixed at 31oC (not subjected to solar irradiance) while the building and 
solar chimney are subjected to zero ambient air speed. Furthermore, 
the solar irradiance is fixed at 900W/m2, the average value during the 
hot afternoon. The physical model is summarized in Figure 4-4. The 
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idea of incorporating the solar chimney ducts along the roof surface is 
to increase its stack height. Although this will increase flow resistance, 
for building with low height, this prevents the solar chimney from 
physically going above and beyond the vertical façade; which may not 
be pleasing to the eyes and acceptable to the occupants. 
 
4.2 Parameterization 
 From the modified hypothesis, there are four input parameters: 
the solar chimney’s stack height, depth, width and inlet’s position while 
there are two outputs: the interior air temperature and speed.  
Based on the stack heights of the solar chimneys serving 
Classrooms A1-2 and A2-1 in ZEB (11.25m and 7.85m respectively), 
the parameterization of the solar chimney’s stack height is bounded by 
the height of the building (including the height of the roof), ranging from 
two stories to four stories giving a stack height of 7.00m to 21.00m. 
The stack height increases with a height of 3.50m, the height of a 
typical level (including floor thickness).  
The effect of the solar chimney’s depth is a research area widely 
discussed and will be further researched upon; the solar chimney’s 
depth is bounded by 0.10m and 0.90m with an increment of 0.20m; 
depths lower than 0.10m give fairly low air speed according to 
published literature while depths higher than 0.90m will be physically 
too large relative to the building. Similarly, the width of the solar 
chimney is bounded from 1.00m to 7.00m (as the width of the interior is 




Figure 4-5: Independent relationship between solar chimney’s stack height and 
inlet position  
If the height of the building is fixed, the position of the solar 
chimney’s inlet will indirectly affect its stack height. To de-couple this 
relationship, the inlet position is varied independently from the stack 
height; when the inlet position is shifted upwards, the entire solar 
chimney duct is shifted upwards concurrently and hence the stack 
height remains unchanged. It is assumed that the height of the building 
will increase to accommodate the stack height, as seen in Figure 4-5 
where there are three inlet positions located at the bottom, middle and 
top position with respect to the ground.  
Furthermore, as the height of the solar chimney’s inlet is equal 
to the solar chimney’s depth, the depth will affect the position of the 
mid-plane of the inlet and indirectly, the inlet position. For example, 
from Figure 4-5 referring to the bottom position, as the lower bound of 
inlet is fixed at 0.10m above the ground, a solar chimney’s depth of 
0.10m and 0.90m will cause the inlet’s mid-plane to be 0.15m and 
















0.55m above the ground respectively. Similarly, for the top position, the 
upper bound of the inlet is fixed at 2.90m above the ground where a 
solar chimney’s depth of 0.10m and 0.90m will cause the inlet’s mid-
plane to be 2.85m and 2.45m above the ground respectively.  
Other than the four input parameters, the two primary output 
parameters are defined as the area-weighted average air temperature 
and air speed on the horizontal plane 1.20m above the ground as 
defined in Singapore’s Green Mark Scheme (BCA, 2010).  
In addition, as an academic research, the area-weighted 
average air temperature and air speed at the inlet and outlet of the 
solar chimney as well as the heat transfer coefficient and air change 
rate of the solar chimney are listed as secondary output parameters.  
 With the input parameters parameterized, their median values 
are taken as base case, as summarized in Table 4-1 before further 
developing the physical model into the computational model.  
























HS 7.00m 21.00m 3.50m 5 14.00m 
Depth DS 0.10m 0.90m 0.20m 5 0.50m 
















4.3 Computational Model   
FLUENT is selected as the computational software for 
simulating the physical model as it is widely used by researchers 
internationally (Gan and Riffat, 1998; Kazansky et al., 2003; Drori and 
Ziskind, 2004; Miyazaki et al., 2006; Bacharoudis et al., 2007; Villi et 
al., 2009) in the area of solar chimney research as well as similar 
engineering aspect like buoyancy flow between parallel plates.  
 
4.3.1 Boussinesq Approximation and the Turbulence Model 
The computational model is developed from the physical model 
by ignoring the stories and roof above the ground floor, as seen in 
Figure 4-6. Furthermore, employing symmetry, only half of the domain 
is modelled.  
   
Figure 4-6: Computational model in isometric view (left) and mid-plane view 
(right) 
According to FLUENT, the equations for the conservation of 
mass and momentum are modelled according to Equation 4-1 (Fluent 







Simulations are carried out under steady state as the ambient solar 
irradiance as well as the air temperature and air speed within the 
classrooms from experiments in ZEB are found to be fairly constant 
during the hot afternoon between 1230hrs to 1330hrs. These equations 
are converted into their integral forms and solved using the finite 
volume method. In addition, the evaluation of the gradients and 
derivatives are carried out using the least square cell-based evaluation 
method since the flow solution is solved on polyhedral meshes.  
Equation 4-1: Governing equations for the conservation of mass and 
momentum (turbulent flow, steady state) 
( )








































































Equation 4-2: Order of magnitude of various non-dimensional numbers  



































































































The species diffusion and viscous dissipation in the energy 
equation are ignored as the Brinkman number is much less than unity. 
Furthermore, no radiation model is used as radiation heat transfer is 
small within the solar chimney duct as compared to conduction and 
convection. As the ratio of the Grashof to the square of Reynolds 
  
113 
numbers is near unity, strong buoyancy is expected. Furthermore, the 
Rayleigh number is of the order of 1012, indicating that the flow is 
turbulent. The orders of magnitude of the various non-dimensional 
numbers are indicated in Equation 4-2. 
The buoyancy of air is modelled using the Boussinesq 
approximation as the solar chimney stack effect is natural convection 
under small change in air temperature. The computational model 
considers density to be constant except for the buoyancy term in the 
momentum equation. From Equation 4-3, the gravitational acceleration 
is defined as 9.81m/s in the negative y-direction while the density is 
specified as 1.177Kg/m3 at an operating temperature of 27oC.  
Equation 4-3: Boussinesq model  


















Furthermore, the viscosity, thermal conductivity and specific 
heat capacity of air vary with temperature but can be assumed to be 
linear between 27oC and 52oC, the temperature range of air within the 
solar chimney. As the corresponding ranges of the viscosity, thermal 
conductivity and specific heat capacity of air are small, their values are 
averaged and taken as constant, giving values of 1.904 x 10-5kg/ms, 
2.72 x 10-2W/mK and 1.0056 x 10-3J/KgK respectively.   
As the Rayleigh number indicates that the flow is turbulent, 
additional transport equations need to be specified to obtain “closure” 
for all the unknown quantities. The additional Reynolds stresses in the 
turbulent momentum equations are modelled using the Boussinesq 
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hypothesis; the anisotropy of turbulence flow is insignificant in natural 
convective flow and hence Reynolds stress models are not selected.   






















































































































































































Among the various turbulent models that employ that 
Boussinesq hypothesis, the realizable k-ε model is used due to its 
better performance under strong pressure gradient. The Boussinesq 
hypothesis, definition of turbulent viscosity µt, turbulent heat transport 
equation as well as the transportation equations for the turbulence 
kinetic energy k and its rate of dissipation ε are shown in Equation 4-4 
(Fluent Inc, 2006). The realizable k-ε model defines the constant Cµ in 
the standard k-ε model as a variable, marking this as the significant 
difference within the family of k-ε models. The default values are 
applied to the rest of the remaining constants.  
Furthermore, the near-wall regions need to be modelled as 
these are the main sources of vortices and turbulence. As solar 
chimney stack flow is buoyancy-driven flow, the near-wall model 
approach is employed over the wall function approach. FLUENT 
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employs the enhanced wall treatment using the two-layer approach 
where in the fully turbulent region, the selected realizable k-ε model is 
in force while in the viscosity-affected near-wall regions, turbulent 
viscosity is computed from the one-equation model of Wolfstein. As the 
flow is natural convective, both the pressure gradient effects and 
thermal effects are selected. In addition, to fully resolve the near-wall 
regions, the mesh should be fine enough such that y+ is less than 5.  
 
4.3.2 Solver of Computational Model    
The pressure-based segregated algorithm using the predictor-
corrector approach is employed on the governing equations where the 
velocity is obtained by solving the pressure correction equation which 
is derived from the continuity and momentum equations such that the 
velocity field in turn satisfied the continuity equation. Furthermore, the 
SIMPLE pressure-velocity coupling method is used as the 
computational model is under steady state condition with relatively 
simple geometry where the convergence rate of both the SIMPLE and 
SIMPLEC coupling method are expected to be similar.  
The discretizations of momentum, turbulent kinetic energy, 
turbulent dissipation rate and energy are subjected to the second order 
upwind scheme as accuracy is preferred over better convergence. In 
addition, PRESTO! is used as the pressure interpolation scheme as 
solar chimney flow is high Rayleigh number natural convection flow.   
The under-relaxation factors, listed in Table 4-2, are lowered as 
solar chimney’s natural convective flow is strongly coupled with air 
  
116 
temperature. However, the solution limits remain as the default values 
except for the maximum turbulent viscosity ratio which is increased 
from 105 to 106 as sudden peaks in the turbulent viscosity beyond the 
original maximum value are observed while the solution is iterating. 
Similarly, the entire flow field is initialized from the default values 
except for temperature which is initialized as 31oC, the constant air 
temperature at the fenestration. 
Table 4-2: Under-relaxation factors of solvers 
Quantities Under-relaxation Factor 
Pressure 0.3 
Density 0.8 
Body Forces 1.0 
Momentum 0.7 
Turbulent Kinetic Energy 0.8 
Turbulent Dissipation Rate 0.8 
Turbulent Viscosity 0.6 
Energy 0.8 
 
4.3.3 Boundary Conditions    
Pressure inlet and outlet boundary conditions are applied to the 
fenestration and solar chimney’s outlet respectively. The pressure inlet 
boundary condition is applied as the physical domain is subjected to 
zero ambient air speed and air movement is purely due to the solar 
stack effect. Hence, the total gauge pressure at the inlet is zero while 
the inlet temperature is 31oC.  
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The turbulence quantities at the inlet are specified using a 
turbulence intensity of 5% obtained from data recorded during 
experiments at ZEB and a turbulence length scale of 0.10m (based on 
7% of the 1.50m height of the fenestration). The computational inlet is 
not extended into the external environment outside the fenestration as 
it is computational expensive and gives similar results (technically, 
simulating the air upstream velocity or velocity at the fenestration is 
similar, as long as the velocity at the fenestration is correctly specified).  
The pressure outlet boundary condition is applied at the solar 
chimney’s outlet. Physically, the pressure at the solar chimney’s outlet 
should be greater than atmospheric pressure for air to flow out of the 
solar chimney; an external environment should be extended for the 
computational domain. However, comparison shows that the effect of 
external environment is negligible with respect to the solar chimney’s 
outlet air temperature and speed as well as the interior’s air 
temperature and speed. 
Therefore, the zero gauge pressure is applied at the pressure 
outlet, with a backflow turbulence intensity of 3%, backflow turbulence 
length scale of 0.035m (based on 7% of the averaged solar chimney’s 
depth of 0.50m) and backflow temperature of 35oC (ambient air 
temperature without any shading). 
Other than the computational inlet and outlet, the rest of the 
surface boundaries are stationary walls under no-slip conditions. All 
interior wall surfaces are under zero heat flux while the solar chimney 
exterior surfaces are subjected to heat flux of 720W/m2 (absorptivity 
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value of 0.80 taking into account both radiative and convective losses 
with a solar irradiance of 900W/m2). The solar chimney surfaces are 
modelled by including the 3mm thick mild steel plates (density of 
7850Kg/m3, thermal conductivity of 55W/mK and specific heat capacity 
of 620J/KgK) into the computational model.  
 
4.3.4 Convergence Criteria     
All residuals are scaled and convergence criteria is reached 
when the default absolute value of the residuals are below 10-6 for 
energy and 10-3 for the other quantities. However, it is important to note 
that a good initial guess may lead to a high scaled residual and hence 
convergence cannot be achieved.  
Hence, it is useful to monitor other quantities before reaching a 
conclusion. Hence, both the net mass flow and heat transfer rate 
reaching less than 0.1% are set as additional convergence criteria. 
Furthermore, the two primary output parameters, the area-weighted 
average air temperature and air speed on the horizontal plane 1.20m 





Chapter 5 Analysis and Discussions 
 With the computational model developed, the effects of the four 
input parameters are simulated to understand their influences on the 
two primary output parameters. The parameterization of these four 
input parameters gives rise to 300 possible different combinations, of 
which 139 cases (46%) are selected and simulated.  
 
5.1 Convergence Analysis  
 From Figure 5-1, all residuals decrease and stabilize with 
increasing iterations, achieving the convergence criteria of 10-6 for 
energy and 10-3 for the other quantities, except for the continuity 
residual which stabilizes at 1.0 x 10-2 before grid adaption and 7.0 x 10-
1 after grid adaption. The energy residual converges below 10-6 before 
grid adaption and stabilizes at 2.5 x 10-6 after grid adaption which is 
considered close to convergence.  
 
Figure 5-1: Residuals of base case simulation 
It is observed that as solar chimney stack flow is due to natural 






generate buoyancy and hence, the initial residuals are closed to zero 
which did not make a good scaling factor. Therefore, this may explain 
why the continuity residual does not decrease below the convergence 
criteria.  
 
Figure 5-2: Output air temperature (left, K) and speed (right, m/s) of base case 
simulation 
Furthermore, both the output air temperature and speed are 
observed to stabilize before and after grid adaption (as seen in Figure 
5-2), giving confidence that the simulated solution has converged. In 
addition, the net mass flowrate and heat transfer rate are less than or 
very close to the 0.1% difference for convergence, as seen from Table 
5-1. Therefore, the simulated solution for the base case is taken to 
have converged. 
The rest of the simulated cases follow similar observations 
where all convergence criteria are met except the continuity residual 
which stabilizes but remains higher than 10-3 and hence, are all 
considered as achieving convergence.  
 
5.2 Grid Independency Test  
To determine whether the solved flow solution is independent of 











the flow velocity. The curvature approach is used as the solar chimney 
flow gives smooth solution while the default standard normalization is 
used as the residuals are not normalized. In addition, the refine 
threshold is fixed such that approximate 25% of the grid is refined.  
Table 5-1: Grid independency check for base case simulation 
Results Original 1st Adaptation 
Grid 
No of cells 1,580,352 3,768,055 




Computational Inlet 2.01473 1.99434 
Computational Outlet -2.01470 -1.99432 
Difference  7.22 x 10-5 1.75 x 10-5 





Computational Inlet 11852.19 11732.23 
Vertical Solar Chimney 21600.52 21604.11 
Inclined Solar Chimney 12985.07 12983.85 
Computational Outlet -46478.31 -46387.78 
Difference  40.53 -67.59 
% Difference 0.09 0.15 
Temp 
(oC) 
Computational Inlet  31.00 31.00 
Computational Outlet  47.57 47.10 
Output Air Temperature 31.00 31.00 
Speed 
(m/s) 
Computational Inlet  0.376 0.376 
Computational Outlet  1.872 1.903 
Output Air Speed  0.392 0.397 
 
On average, the mesh size has a dimension of 0.05m. Generally 
the value of y+ within the solar chimney duct averaged at 25. However, 
at critical regions where the flow turns, the value of y+ is around 5 and 
hence, the viscosity-affected near-wall regions are fully resolved.  
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From Table 5-1, it is clear that the mass flowrate, heat transfer 
rate as well as air temperature and speed at the computational inlet, 
computational outlet and output plane are similar to two significant 
figures before and after grid adaption. This observation gives the 
confidence that the simulated solution is indeed independent of its grid.  
 
5.3 Base Case Analysis   
The base case with its corresponding solar chimney’s stack 
height, depth and width of 14.00m, 0.50m and 5.00m respectively, 
together with its inlet at the middle position, is examined to understand 
the influences of solar stack on air temperature and speed distribution.  
       
Figure 5-3: Air temperature (left, 
o
C) and speed (right, m/s) mid-plane 
distribution for base case simulation 
From Figure 5-3, air temperature within the interior generally 
remains constant but increases as it travels upwards along the solar 
chimney. The air speed concentrates along the path from the 





due to the constriction at the inlet, but generally increases in speed and 
stabilizes as it travels towards the solar chimney’s outlet.  
 
5.2.1 Air Temperature and Speed within Solar Chimney     
From Figure 5-4, the air temperature along the solar chimney’s 
mid-plane increases along its length with a local peak of 37.8oC at its 
turning corner. However, the air temperature remains fairly constant at 
31.0oC and starts increasing only after a length of 6.0m. Although the 
air within the solar chimney is heating up, the thermal energy 
concentrates near to the external surface and has yet to transfer 
inwards. It is only after the 6.0m length that the entire air within the 
solar chimney heats up, reaching the maximum temperature of 41.0oC 
at the outlet. Once again, the 10oC temperature difference within the 
inlet and outlet of the solar chimney proves its operability in the tropics.  
 
Figure 5-4: Air temperature (top) and speed (bottom) along the mid-plane of 
solar chimney for base case simulation 
On the other hand, the air speed fluctuates and first reaches a 
peak of 2.53m/s after entering the solar chimney’s inlet due to 







































turning corner of solar chimney
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turbulence from entering a restriction. After travelling for 3.5m, air 
speed stabilizes at 1.50m/s but dips as it nears the turning corner. After 
the corner, air speed increases and stabilizes at 1.80m/s.  
Generally, air temperature and speed within the solar chimney 
are directly proportional except at regions close to the solar chimney’s 
inlet and outlet. This is because the air temperature induces the 
thermal buoyancy which in turn affects the air speed.  
 
Figure 5-5: Air temperatures along solar chimney’s width for various mid-length 
of solar chimney for base case simulation 
Examining the air temperature and speed along the solar 
chimney’s width, from Figure 5-5 and Figure 5-6, the air temperature 
and speed are constant along 80% of the width before increasing 
steeply towards the solar chimney’s walls. This observation repeats 
along the solar chimney’s length except near to the outlet where the 
outlet’s boundary conditions may have an effect leading to the localized 
peaks although this is consistent with published literature (Biwole et al., 



































2008; Sakonidou et al., 2008). Generally, the air temperature and 
speed within the solar chimney can be taken as two-dimensional flow.  
 
Figure 5-6: Air speeds along solar chimney’s width for various mid-length of 
solar chimney for base case simulation 
 
5.2.2 Air Temperature and Speed within Interior     
From Figure 5-7, it is very clear that air temperature within the 
interior remains constant at 31.0oC. This may be due to the high 
temperature from the tropics which prevents temperature stratification 
from occurring within the interior and instead occurs within the solar 
chimney when the stack height reaches beyond 6.0m.  
The interior air speed generally flows in a straight path across 
the interior from the fenestration towards the solar chimney’s inlet (refer 
to Figure 5-8). Air speed slows down slightly along the path before 
peaking near the solar chimney’s inlet. The output air speed (averaging 
on the plane 1.20m above the ground) reaches 0.40m/s and no 
backflow is observed at the fenestration. From Figure 5-9, air outside 
this straight path (below and above as well as at its sides) circulates 






























with an average speed of 0.10m/s, showing that air within the entire 
interior is moving although there is no air exchange.  
 
Figure 5-7: Air temperature distribution along x-plane (from left to right: x = 
1.00m, 2.00m, 3.00m and 4.00m) for base case simulation 
      
Figure 5-8: Air speed distribution (top: vectors, bottom: contour) along mid-
plane (x = 0.40m) for base case simulation 
 
Figure 5-9: Air speed vector distribution along z-plane (from left to right: z = 









No backflow was observed at the solar chimney’s inlet and 
fenestration due to the smooth flow path as the fenestration and solar 
chimney’s inlet are in-line. However, circular backflow was observed in 
the interior as seen in Figure 5-8 outside the straight path. 
 
5.3 Parameterization Analysis   
With the analysis of the base case completed and results 
obtained are similar to published literature and experimental results 
from ZEB, details analysis into the parameterization of these four input 
parameters are performed.  
 
5.3.1 The Effects of Solar Chimney’s Stack Height     
The effects of stack height on the air temperature and speed 
within the solar chimney and interior are clear, the larger the stack 
height, the greater the solar chimney outlet air temperature, as seen in 
Figure 5-10. The output air temperature and solar chimney inlet air 
temperature remain constant at 31.0oC due to the lack of temperature 
stratification (high exterior temperature with low interior height).  
The greater the stack height and corresponding higher air 
temperature within the solar chimney results in thermal energy being 
transferred in greater quantity and hence leads to an increase in the 
heat transfer coefficient (definition shown in Appendix D). At the same 
time, this leads to the increasing trend in air speed within both the solar 




Figure 5-10: Solar chimney outlet air temperatures (top), heat transfer 
coefficients (middle) and air change rates (bottom) with respect to varying solar 
chimney’s stack height 
 
Figure 5-11: Output air speeds (top), solar chimney outlet air speeds (middle) 
and solar chimney inlet air speeds (bottom) with respect to varying solar 
chimney’s stack height 
 
5.3.2 The Effects of Solar Chimney’s Depth     
The effects of increasing the solar chimney’s depth influence 
many aspects. Firstly, the increase in solar chimney’s depth results in 
an increase in the air volume within the solar chimney. However, when 






























































































































the solar chimney’s depth increases beyond 0.50m, the ratio of solar 
chimney’s length to hydraulic diameter drops to less than 15.  
 
Figure 5-12: Solar Chimney outlet air temperatures (top), heat transfer 
coefficients (middle) and air change rates (bottom) with respect to varying solar 
chimney’s depth 
 
Figure 5-13: Output air speeds (top), solar chimney outlet air speeds (middle) 
and solar chimney inlet air speeds (bottom) with respect to varying solar 
chimney’s depth 
Along the solar chimney’s length, below 15 to 20 times of the 
hydraulic diameter is the region where the thermal boundary layers are 
still developing and the air volume within the solar chimney is 



























































































































predominantly unheated. This explains why in Figure 5-12, the solar 
chimney outlet air temperature drops significantly from 89.2oC (ratio of 
length to hydraulic diameter is 80) at a depth of 0.10m to 42.1oC (ratio 
of length to hydraulic diameter is 10) at a depth of 0.90m.  
As seen in Figure 5-14, when the ratio of solar chimney’s length 
to hydraulic diameter is less than 15, there is a significant drop in the 
output air speed, especially along the flow path where air speed 
reaches less than 0.15m/s. Although the solar chimney’s stack height 
and solar irradiance are constant, the temperature difference between 
the solar chimney’s inlet and outlet decreases with increasing solar 
chimney’s depth. Hence, the buoyancy effect drops, decreasing the 
solar chimney outlet air speed as well as the output air speed after a 
depth of 0.50m (trend seen in Figure 5-13). 
    
Figure 5-14: Output air speed distribution with solar chimney’s depth of 0.50m 
(left) and 0.70m (right) for solar chimney’s stack height of 14.00m, width of 
5.00m and middle inlet position with corresponding ratio of solar chimney’s 
length to hydraulic diameter of 17 and 13 respectively  
Furthermore, as the size of solar chimney’s inlet is equal to the 
solar chimney’s depth, increasing the solar chimney’s depth increases 





faced by air flowing into the solar chimney and hence, results in a drop 
in air speed at the solar chimney’s inlet.  
Although the air speed at the solar chimney’s inlet decreases 
with increasing solar chimney’s depth, the rate of decrement is lower 
than the rate of increment of solar chimney’s depth. Therefore, the 
corresponding air change rate increases with increasing solar 
chimney’s depth, as seen in Figure 5-12.   
5.3.2 The Effects of Solar Chimney’s Width     
The influence of the solar chimney’s width is similar to the solar 
chimney’s depth since the wetted perimeter and hence, the 
corresponding hydraulic diameter is the combination of the solar 
chimney’s depth and width. Therefore, the solar chimney outlet air 
temperature decreases with increasing solar chimney’s width.  
 
Figure 5-15: Solar chimney outlet air temperatures (top), heat transfer 
coefficients (middle) and air change rates (bottom) with respect to varying solar 
chimney’s width 





























































Figure 5-16: Output air speeds (top), solar chimney outlet air speeds (middle) 
and solar chimney inlet air speeds (bottom) with respect to varying solar 
chimney’s width 
However, from Figure 5-15 and Figure 5-16, the two-
dimensional flow which is independent of the solar chimney’s width is 
clearly shown from the stabilizing of the heat transfer coefficient as well 
as the air speed at the solar chimney’s inlet and outlet. This occurs 
when the solar chimney’s width goes beyond 3.00m or when the ratio 
of the stack height to the solar chimney’s width is less 7.  
    
Figure 5-17: Output air speed distribution with respect to varying solar 
chimney’s width (left to right: 1.00m, 3.00m, 5.00m and 7.00m) for solar 
chimney’s stack height of 14.0m, depth of 0.50m and middle inlet position 
Although the solar chimney is experiencing two-dimensional 
flow, the air flow within the interior is strongly affected by the solar 





























































chimney’s width, as seen by the increase of air change rate and output 
air speed. For a solar chimney’s depth of 0.90m and stack height of 
14.00m, the output air speed increases from 0.16m/s to 0.59m/s with 
corresponding solar chimney’s width of 1.00m and 7.00m respectively, 
as seen in Figure 5-17.   
 
5.3.2 The Effects of Solar Chimney’s Inlet Position     
The solar chimney’s inlet position is defined as the height of the 
mid-plane of its inlet above the ground. As the size of the inlet is equal 
to the solar chimney’s depth, the inlet position varies with the solar 
chimney’s depth. On average, the bottom, middle and top position of 
the inlet are 0.30m, 1.50m and 2.65m above the ground respectively.  
Table 5-2: Output air speed for solar chimney’s stack height of 17.50m, depth of 
0.50m and width of 5.00m  
Coordinates 







AS-1 (4.0, 2.0, 0.0) 0.50 0.59 0.59 
AS-2 (3.0, 2.0, 0.0) 0.50 0.58 0.58 
AS-3 (4.0, 2.0, 0.0) 0.50 0.59 0.59 
AS-4 (2.0, 2.0, 0.0) 0.21 0.30 0.21 
AS-5 (4.0, 4.0, 0.0) 0.35 0.57 0.56 
AS-6 (3.0, 4.0, 0.0) 0.35 0.56 0.56 
AS-7 (4.0, 4.0, 0.0) 0.28 0.56 0.56 
AS-8 (2.0, 4.0, 0.0) 0.11 0.22 0.15 
AS-9 (4.0, 6.0, 0.0) 0.31 0.52 0.42 
AS-10 (3.0, 6.0, 0.0) 0.29 0.52 0.48 
AS-11 (4.0, 6.0, 0.0) 0.21 0.52 0.49 





Figure 5-18: Solar chimney outlet air temperatures (top), heat transfer 
coefficients (middle) and air change rates (bottom) with respect to varying solar 
chimney’s inlet position 
 
Figure 5-19: Output air speeds (top), solar chimney outlet air speeds (middle) 
and solar chimney inlet air speeds (bottom) with respect to varying solar 
chimney’s inlet position 
From Figure 5-18 and Figure 5-19, the solar chimney outlet air 
temperature, heat transfer coefficient and solar chimney outlet air 
speed are fairly constant across the various inlet positions. This is 
consistent with the pilot study in ZEB as the stack height and 
temperature difference within the solar chimney remain unchanged.  
























































































































However, the relative constant output air speed is different from 
the results from ZEB where lowering the inlet position to the middle 
position leads to an increase in output air speed significantly. Closer 
examination of the output air speed shows that the solar chimney’s 
inlet position mainly affects the air speed in the localized region around 
the solar chimney’s inlet.  
 
Figure 5-20: Air speed positions within the interior output plane (left) for solar 
chimney’s stack height of 17.50m, depth of 0.50m and width of 5.00m together 
with corresponding mid-plane air speed distribution for varying solar 
chimney’s inlet position (right) 
From Table 5-2, the air speed at point AS-11 (beside the solar 
chimney’s inlet) increased from 0.21m/s in the bottom position to 
0.52m/s and 0.49m/s in the middle and top position respectively. 
However, at point AS-3 (beside the fenestration), the air speed was 
fairly consistent, giving 0.50m/s, 0.59m/s and 0.50m/s in the bottom, 
middle and top position respectively. From Figure 5-20, the airflow 
streamlines only change direction and move towards the solar 
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increase in localized interior air speed which is damped when the area-
weighted air speed is averaged across the entire plane.  
 
5.4 Design and Optimization   
With the examination of the influences of the four input 
parameters, their combined effects on the interior air temperature and 
speed are determined in order to design and optimize the solar 
chimney. As the interior air temperature remains constant regardless of 
their effects, the multiple linear regressions will be applied on the 
remaining primary output parameter: interior air speed as well as the 
other secondary output parameters: air change rate and heat transfer 
coefficient as well as solar chimney outlet air temperature and speed.  
It is important to highlight that the regression models are 
developed for the tropical weather (and maybe temperate countries 
which experience similar hot and humid summers).  Hence the external 
environment must be similar before applications. 
 
5.4.1 Dimensional Regression     
Applying the multiple linear regression model with the solar 
chimney’s stack height, depth, width and inlet position as independent 
parameters, the dependent parameter is modelled as shown in 
Equation 5-1, where Ф can be either of the output parameters and α1 to 
α5 are constants to be determined.  
Although there are 300 possible cases according to the limits 
from Table 4-1, a first set of 38 cases (the lower and upper limits of the 
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four input parameters) is simulated and modelled, after which the 
second set of 52 cases (chosen randomly) and the third set of 49 
cases (chosen randomly) follow. From Table 5-3, the 139 cases are 
sufficient in developing the multiple linear regression model as the 
coefficient of determination has stabilized to two significant figures, a 
value of 0.99. Hence, the remaining 161 cases are not simulated. 
Equation 5-1: Dimensional multiple linear regression model   
( ) ( ) ( ) ( )















Furthermore, from the test of significance, the power of the inlet 
position falls within the critical value of -1.96 and 1.96 where the null 
hypothesis is accepted, indicating that the solar chimney’s inlet position 
is insignificant within the regression model which is already consistent 
with earlier observations.   
From Figure 5-21 and Figure 5-22, the removal of the solar 
chimney’s inlet position has limited effects on the regression model, 
with both models obtaining similar coefficient of determination. In 
additional, the regression model shows that the output air speed 
increases with increasing solar chimney’s stack height, depth and width, 
of which the solar chimney’s width has the greatest significance. This is 
consistent with published literature from Afonso and Oliveira (2000).    
Table 5-4 shows the various multiple linear regression models 
(with and without the presence of solar chimney’s inlet position) for the 
output air speed, solar chimney inlet air speed, solar chimney outlet air 
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temperature, solar chimney outlet air speed, heat transfer coefficient 
and air change rate. The regression models of the secondary output 
parameters are shown in Appendix D.  
Table 5-3: Dimensional regression model for output air speed 
Results 1st Set 
1st & 2nd 
Sets 
1st, 2nd and 
3rd Sets 
Number of data points, n 38 90 139 
Constant, α1 0.0687 0.0700 0.0784 
Power of Hs, α2 0.4091 0.3686 0.3119 
Power of Ds, α3 0.5555 0.5574 0.5659 
Power of Ws, α4 0.5814 0.6159 0.6387 
Power of Ps, α5 -0.0189 0.0049 0.0141 
Coefficient of Determination, R2 0.9901 0.9864 0.9853 
Test of Significance, tn-k for α1 -15.61 -19.35 -21.32 
Test of Significance, tn-k for α2 6.51 7.07 6.92 
Test of Significance, tn-k for α3 18.04 21.69 25.48 
Test of Significance, tn-k for α4 17.31 21.81 27.03 
Test of Significance, tn-k for α5 -0.57 0.20 0.67 
 
From the sensitivity analysis shown in Figure 5-23, Figure 5-24 
and Figure 5-25, the reasonable range of the regression model for the 
output air speed falls between 0.10m/s to 1.60m/s with corresponding 
solar chimney’s stack height, depth and width within the ranges of 
10.00m to 40.00m, 0.50m to 2.00m and 1.00m to 10.00m respectively. 
Furthermore, it is observed that although the output air speed is small 
at low solar chimney’s width, it increases at a faster rate comparing to 
solar chimney’s stack height and depth. Hence, during the design of a 
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solar chimney, it is recommended to first determine the value of its 
width, which should be as large as possible.  
 
Figure 5-21: Dimensional multiple linear regression model for output air speed 
 
Figure 5-22: Dimensional multiple linear regression model for output air speed 
(without solar chimney’s inlet position) 
From Table 5-4, it is interesting to note that the solar chimney’s 
stack height is the most significant input parameter affecting the solar 
chimney. However, the solar chimney’s width is the most significant 
input parameter influencing the interior. This is because the solar 
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0.6392, R2 = 0.9853
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chimney is predominantly two-dimensional airflow and hence the 
significance of its width is limited. On the other hand, the interior airflow 
is three-dimensional where the solar chimney’s width significantly 
increases the air change rate and output air speed.  
 
Table 5-4: Summary of dimensional regression models 
Regression Model for Output Air Speed (m/s) 
( )( ) ( ) ( ) ( ) 9853.0,0784.0 20141.06387.05659.03119.0 == RPWDHS SSSSR  
 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10









Regression Model for Solar Chimney Inlet Air Speed (m/s) 
( )( ) ( ) ( ) ( ) 9614.0,3375.0 20216.00542.01010.05771.0, ==
−−
RPWDHS SSSSiS  
 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10










Regression Model for Solar Chimney Outlet Air Temperature (oC) 
( )( ) ( ) ( ) ( ) 9998.0,15.32 20006.00869.03470.01333.0, ==
−−−
RPWDHT SSSSoS  
 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10










Regression Model for Solar Chimney Outlet Air Speed (m/s) 
( )( ) ( ) ( ) ( ) 9646.0,4364.0 20109.00442.01449.05845.0, ==
−
RPWDHS SSSSoS  
 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10










Regression Model for Heat Transfer Coefficient (W/m2K) 
( )( ) ( ) ( ) ( ) 9994.0,7584.7 20085.01087.00467.01879.0 == − RPWDHh SSSS  
 













Air Change Rate of Interior (/hr) 
( )( ) ( ) ( ) ( ) 9993.0,3110.6 20221.09466.08999.05780.0 == RPWDHACH SSSS  
 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10










Among all the various regression models, the influences of the 
solar chimney’s inlet position is very limited, as seen from its much 
lower values of its power as compared to the other three input 
parameters within the regression models as well as the limited change 
in the coefficient of determinations after removal. Furthermore, in 
addition to the output air speed, the solar chimney’s inlet position 
accepts the null hypothesis in the regression models of the solar 
chimney outlet air temperature, solar chimney outlet air speed and the 
heat transfer coefficient.  
 
Figure 5-23: Sensitivity analysis (solar chimney’s stack height) for dimensional 
regression model for output air speed (without solar chimney’s inlet position) 































































































Figure 5-24: Sensitivity analysis (solar chimney’s depth) for dimensional 
regression model for output air speed (without solar chimney’s inlet position) 
 
Figure 5-25: Sensitivity analysis (solar chimney’s width) for dimensional 
regression model for output air speed (without solar chimney’s inlet position) 
Lastly, although the solar chimney’s inlet position is significantly 
tested and accepted for the regression models of the solar chimney 
inlet air speed and air change rate, their corresponding powers are low 
and only affect the corresponding results at the second or third 
significant figures. Furthermore, the increase in their coefficient of 


























































































































































































determinations is at the third or fourth significant figures. Hence, the 
solar chimney’s inlet position is also removed from these regression 
models.  
5.4.2 Non-Dimensional Regression     
The limitation of the dimensional regression model lies in its 
inability to predict the output air speed if the interior size or solar 
irradiance change. To overcome this issues, the non-dimensional 
multiple linear regression model is developed where the solar 
chimney’s depth, width and inlet position are normalized with its stack 
height (known as the solar chimney depth ratio, solar chimney width 
ratio and solar chimney inlet position ratio respectively) while the fourth 
parameter is the modified heat flux Rayleigh number, as shown in 
Equation 5-2 (details in Appendix E), where Ω can be either of the non-
dimensional output parameters and γ1 to γ5 are constants to be 
determined. The corresponding primary non-dimensional output 
parameter is the output Reynolds number while the secondary non-
dimensional output parameters are the solar chimney Reynolds 
number (based on the solar chimney outlet air speed), solar chimney 
Nusselt number and solar chimney normalized temperature gradient.  
Equation 5-2: Non-dimensional multiple linear regression model   














It is important to note that the four non-dimensional input 
parameters are no longer independent from each other (except for the 
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solar chimney inlet position ratio) as the modified heat flux Rayleigh 
number employs the hydraulic diameter of the solar chimney, which is 
derived from the solar chimney’s depth and width.  
 
Figure 5-26: Non-dimensional regression model for output Reynolds number 
 
Figure 5-27: Non-dimensional regression model for output Reynolds number 
(without solar chimney inlet position ratio) 
  
From Figure 5-26 and Figure 5-27, similar to the dimensional 
regression model, the solar chimney inlet position ratio for the interior 
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Reynolds number is found to be within the critical range and hence 
accepts the null hypothesis. Furthermore, the first constant γ1 is found 
to be within the critical range and accepts its null hypothesis, rendering 
the constant γ1 to take the value of unity.  
 
Figure 5-28: Sensitivity analysis (solar chimney depth ratio) for non-
dimensional regression model of output Reynolds number (without solar 
chimney inlet position ratio) 
 
Figure 5-29: Sensitivity analysis (solar chimney width ratio) for non-
dimensional regression model of output Reynolds number (without solar 
























































































































Figure 5-30: Sensitivity analysis (modified heat flux Rayleigh number) for non-
dimensional regression model of output Reynolds number (without solar 
chimney inlet position ratio) 
Table 5-5: Summary of non-dimensional regression models 
Regression Model for Output Reynolds number  
( )( ) ( ) ( ) ( ) 9998.0   ,****9265.0Re 23672.00237.03971.07380.0 == − RRaPWD SSSR  
 


















Regression Model for Solar Chimney Reynolds number 
( )( ) ( ) ( ) ( ) 9999.0  ,****2627.0Re 24079.00042.01517.04194.0 == −− RRaPWD SSSS  
 


















Regression Model for Solar Chimney Nusselt number 
( )( ) ( ) ( ) ( ) 9999.0 ,****1871.0 22638.00315.01226.00069.0 == −−− RRaPWDNu SSSS  
 



































































































Regression Model for Solar Chimney Normalized Temperature 
Gradient 





















The sensitivity analysis from Figure 5-28, Figure 5-29 and 
Figure 5-30 shows that the output Reynolds number ranges between 
1.6 x 103 and 8.1 x 106 and increases with increasing solar chimney 
width ratio and modified heat flux Rayleigh number.  However, the 
output Reynolds number decreases with increasing depth ratio.  
Table 5-5 summarizes the various non-dimensional regression 
models. The solar chimney inlet position ratio is found to be 
insignificant in the regression models of the solar chimney Reynolds 
number and solar chimney Nusselt number. However, the influence of 
the solar chimney inlet position ratio is found to be important for the 
solar chimney normalized temperature gradient and hence remains.  
 
5.4.1 Examples and Illustrations     
With the development of both the dimensional and non-
dimensional regression models, the regression equation can be applied 
to several examples for illustrations. These examples will attempt to 
determine the dimensions of the solar chimney using Equation 1-2, 
where a PMV of 1.1 at air temperature of 31oC will need an output air 
speed of 0.40m/s. A tighter requirement will be based on the Singapore 
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Green Mark Scheme which requires the output air speed to be a 
minimum of 0.60m/s.   
Equation 5-3: ZEB Classroom A2-1 illustration   
mWmDmH SSS 00.2,30.0,20.11 ===
 
 
( )( ) ( ) ( )












The rule of thumb in designing the solar chimney is to maximize 
its width before considering the other dimensions. Consider the 
Classroom A2-1 on the level 2 of ZEB. With the solar chimney’s stack 
height of 11.20m, depth of 0.30m and width of 2.00m (two serving solar 
chimneys) respectively, the output air speed according to the 
dimensional regression equation in Table 5-4 will be 0.13m/s, as seen 
in Equation 5-3. This value is comparable with the simulated result 
(under zero ambient air speed).  
To achieve thermal comfort, the solar chimney’s width is 
maximized to 8.80m (the width of Classroom A2-1) while the stack 
height remains unchanged. From the dimensional regression model 
(since interior size is comparable), an output air speed of 0.40m/s and 
0.60m/s will require a solar chimney’s depth of 0.40m and 0.82m 
respectively, as illustrated in Equation 5-4.  
 
Equation 5-4: ZEB Classroom A2-1 illustration for thermal comfort  
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It is important to note that the ratio of the solar chimney’s length 
to hydraulic diameter is 26 and 13 for the solar chimney’s depth of 
0.40m and 0.82m respectively, hence, ensuring fully developed flow. 
Furthermore, the ratio of the solar chimney’s stack height to width is 
less than 7, ensuring two-dimensional flow within the solar chimney.  
If the interior size is non-comparable to the simulated cases, the 
non-dimensional regression model in Table 5-5 is used, like the Chung-
Hwa Hall within the Y. S. Sun Green Building in National Cheng Kung 
University, Taiwan which is naturally ventilated using solar chimney.  
Equation 5-5: Chung-Hwa Hall illustration  
( ) ( )
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Rough estimates place the hall’s depth and width at 36.00m and 
23.00m respectively while the solar chimney’s stack height, depth and 
width at 14.00m, 1.25m and 15.00 respectively. From Equation 5-5, the 
output air speed is 0.36m/s, which is comparable with published values 
near the podium, shown in Figure 5-31 (Lin, 2010).  
  
151 
   
Figure 5-31: Side (left) and plan (right) views of air speed distribution within 
Chung-Hwa Hall where maximum air speed is 0.60m/s in red (Lin, 2010) 
To achieve thermal comfort, the solar chimney’s width is 
maximized to 23.00m (the width of Chung-Hwa Hall) while the stack 
height remains unchanged. From the non-dimensional regression 
model, an output air speed of 0.40m/s and 0.60m/s will require a solar 
chimney’s depth of 1.08m and 2.03m respectively, as illustrated in 
Equation 5-6.  
Equation 5-6: Chung-Hwa Hall illustration for thermal comfort  
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m.DS 032031.2 error, and trialBy ≈=  
Although having a solar chimney’s depth of 2.03m is relative 
large, the solar chimney will take a similar form of the double glass 
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façade. However, the ratio of the solar chimney’s length (in this case, 
equals to the stack height) to hydraulic diameter is 7 and 4 for the solar 
chimney’s depth of 1.08m and 2.03m respectively where the flow is yet 
to be developed.  
Equation 5-7: Possible combinations of solar chimney dimensions for Chung-
Hwa Hall illustration for thermal comfort 
( ) ( ) ( )
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flow) (Turbulent 10041.1
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Hence, the alternative is to increase the solar chimney’s stack 
height. From the non-dimensional regression model, for an output air 
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speed of 0.60m/s, the various possible combinations are shown in 
Equation 5-7 and Table 5-6. By specifying the ranges of the solar 
chimney’s depth and width, the corresponding solar chimney’s stack 
height is obtained. Furthermore, combinations that match the ratio of 
solar chimney’s length to hydraulic diameter being greater than 15 are 
specified within the red region while combinations that match the 
specific range of solar chimney depth ratio are specified within the blue 
region. The overlapping of these red and blue regions gives the 
possible combinations; a reasonable combination proposes a solar 
chimney’s stack height, depth and width of 36.00m, 1.30m and 22.00m 
respectively.  
Table 5-6: Solar chimney’s stack height for combination of depth and width for 
Chung-Hwa Hall illustration for output air speed of 0.60m/s with values within 
red region fulfilling ratio of solar chimney’s length to hydraulic diameter greater 
than 15 and blue region fulfilling specified range of solar chimney depth ratio 
HS (m) 
WS (m) 






1.0 175 153 135 120 108 98 89 82 76 70 66 61 57 
1.1 147 127 112 100 89 81 74 68 62 58 54 50 47 
1.2 125 108 95 84 76 68 62 57 52 49 45 42 40 
1.3 108 93 82 72 65 58 53 49 45 41 38 36 34 
1.4 95 82 71 63 56 51 46 42 39 36 33 31 29 
1.5 84 72 63 56 50 45 40 37 34 31 29 27 25 
1.6 76 65 56 49 44 40 36 33 30 28 26 24 22 
1.7 68 58 50 44 39 35 32 29 27 25 23 21 20 
1.8 62 53 46 40 36 32 29 26 24 22 20 19 18 
1.9 57 48 42 37 32 29 26 24 22 20 18 17 16 





Chapter 6 Conclusion 
 The solar chimney research has three main objectives, to 
determine the operability and performance of solar chimney in the 
tropics, the parameterization studies of input parameters affecting the 
solar chimney’s performance and the optimal design of solar chimney 
in the tropics. The entire development of the solar chimney research is 
summarized in Figure 6-1. 
 
6.1 Main Findings and Contributions 
In the hot afternoon with solar irradiance of 1000W/m2, the pilot 
study in the zero energy building (ZEB) shows that the temperature 
difference between the solar chimney’s inlet and outlet can reach 17oC 
and induce an air speed of 1.9m/s within the solar chimney. This 
proves the operability of the solar chimney in the tropics.  
Although a maximum interior air speed of 0.49m/s is observed, it 
is a combination of the solar stack effect and low ambient air speed. 
After the computational model of ZEB is validated, further simulations 
at zero ambient air speed show a drop in the interior air speed to 
0.10m/s. The interior air temperature as well as the air temperature and 
speed within the solar chimney are unaffected.  
Therefore, it can be concluded that although the ambient air 
speed in the tropics is low (less than 2.00m/s), it significantly affects 
the interior air speed. However, cross-ventilation is still preferred as its 
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performance under similar conditions is better. Hence, solar chimney is 
proposed to be employed in the tropics under zero ambient air speed.  
 
Figure 6-1: Development of solar chimney research  
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In addition, experiments in ZEB find that the position of the solar 
chimney’s inlet within the interior has a strong effect on the interior air 
speed while simulations (under zero ambient air speed) show the 
insignificance of internal heat load. Lastly, theoretical analysis and 
existing correlations are unable to verify the experimental results due to 
the larger physical scale of the solar chimney which invalids the 
theoretical one-dimensional heat transfer. 
The initial hypothesis states that for an interior space subjected 
to solar chimney ventilation in the tropics, the interior air temperature 
and speed depends on the ambient solar irradiance and air speed; the 
solar chimney’s stack height, depth, width and inlet position; as well as 
the internal heat load. From the pilot study in ZEB, the hypothesis is 
modified to state that for an interior space subjected to solar chimney 
ventilation under strong solar irradiance in the tropics with no ambient 
air speed, the interior’s air temperature and speed depends on the 
solar chimney’s stack height, depth, width and inlet position.  
By varying these four input parameters as well as developing 
the physical and computational models, 300 possible cases are 
generated, of which 139 cases are simulated. Grid independency test 
and convergence analysis are performed to ensure accuracy of the 
simulated results.  
All simulations show that the output air temperature remains 
constant (air temperature at the fenestration). Simulation results shows 
that the solar chimney’s stack height is the most significant factor 
influencing the solar chimney air speed while the solar chimney’s width 
  
158 
is the most significant factor influencing the output air speed, defined 
as the area-weighted average air speed across the 1.20m high 
horizontal plane.  
Results further show that the ratio of solar chimney’s length to 
hydraulic diameter should be greater than 15 to ensure developed flow 
and the ratio of solar chimney’s stack height to width should be less 
than 7 if airflow within the solar chimney is to be two-dimensional.  
Among the four input parameters, the solar chimney’s stack 
height, depth and width have a direct relationship with the output air 
speed where the greater the solar chimney’s stack height, depth or 
width, the larger the output air speed. However, the solar chimney’s 
inlet position is found to have limited influence on the output air speed, 
although the region near to the solar chimney’s inlet shows an increase 
in air speed (which is consistent with ZEB results) but is damped when 
the air speed is averaged across the plane. Hence, when the multiple 
regression models are developed, the solar chimney’s inlet position 
fails the test of significance, accepts the null hypothesis and hence, is 
removed from the regression models.  
Several regression models are developed, both dimensional and 
non-dimensional, for the primary output: output air speed as well as the 
secondary outputs: solar chimney inlet air speed, solar chimney outlet 
air temperature, solar chimney outlet air speed, heat transfer coefficient 
and air change rate which are summarized in Table 5-4. Table 5-5 
summarizes the various non-dimensional regression models where the 
corresponding primary non-dimensional output parameter is the output 
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Reynolds number while the secondary non-dimensional output 
parameters are the solar chimney Reynolds number, solar chimney 
Nusselt number and solar chimney normalized temperature gradient. 
The regression models for both the dimensional and non-dimensional 
primary output are repeated in Equation 6-1.  
Equation 6-1: Regression model for output air speed (dimensional) and output 
Reynolds number (non-dimensional) 
( )( ) ( ) ( )
0.100.1,0.25.0,0.400.10
6.11.0































With the development of the regression models, they are applied 
to buildings for illustrations (dimensional model for interior with similar 
sizes and non-dimensional model for interior with different sizes). A 
simple guideline is to first maximize the solar chimney’s width by 
defining it as the width of the interior. Next, the solar chimney’s stack 
height is usually the height of the building although it is possible to 
construct the solar chimney to be above the beyond the building’s 
height. Lastly, the solar chimney’s depth is determined from the 
regression model by allocating the required output air speed.  
 
6.2 Limitations and Suggestions for Future Work 
The solar chimney research is developed for the tropical climate 
and hence, may not be suitable for temperate countries. This is 
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because the relatively higher ambient air temperature did not cause 
temperature stratification within the interior and therefore gives a 
constant output air temperature which obviously is not possible in the 
temperate countries.  
As published literature concentrates on air speed within the 
solar chimney, it will be interesting to compare the output air speed as 
well as the regression model on other literature, especially data from 
the tropics.  
Furthermore, the solar chimney research concentrates on low-
rise building with three to five stories high. The next stage of research 
will be applying the solar chimney to mid-rise building of five to twelve 
stories. Typical public housings in Singapore are of these heights and 
can be a good research direction. With mid-rise buildings, solar 
chimney with multiple inlets at various heights (Bansal et al., 1994; 
Wong et al., 2008) can be the possible next stage of development to 
understand the challenges of implementing solar chimney in a larger 
scale. However, with multiple inlets, careful design is required as inlets 
above the neutral plane run the risk of air back flowing from the inlets 
below the neutral plane. In the event of fires, this will aid the spread of 
smokes among stories which is greatly undesirable.  
 Lastly, the solar chimney’s material can be further explored, with 
deeper examination of possible combinations of glass, roof tiles or 
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Appendix A – Breakdown of Design Parameters 
 
Influence of Ambient Solar Irradiance 
Authors Description Parameterization Findings 
Ekechukwu and 
Norton (1997)  
• Circular solar chimney  
• Height of 5.30m and diameter of 
1.64m 
• Between 0W/m2 to 
900W/m2 
• Temperature difference between solar 
chimney and ambient increase with solar 
irradiance 
• Maximum temperature difference of 8oC 
Aboulnaga (1998) • Building in Al-Ain city, UAE  
• 4.80m in length, 3.60m in width and 
3.60m in height. 
• Solar chimney width 3.60m 
• Between 300W/m2 to 
850W/m2 
• Volume flow rate ranging from 0.055m3/s to 
0.300m3/s at various depth 
Gan and Riffat 
(1998) 
• Solar chimney 3m tall, 1m wide with 
a depth of 0.2m 
• East-west orientation 
• 0oC ambient air temperature  
• 194W/m2, 261W/m2, 
438W/m2 and 520W/m2 
• Volume flow rate increase with irradiance 
• Mean solar chimney air speed of 0.23m/s, 
0.36m/s, 0.49m/s and 0.52m/s 
• Reverse flow at low solar irradiance  
Rodrigues et al. 
(2000) 
• Vertical solar chimney 
• Stack height of 2.5m 
• Depth ranging from 0.15m to 0.30m 
• 100W/m2, 200W/m2, 
300W/m2, 400W/m2 
• Heat transfer and velocity at outlet increase 
with increasing heat flux  
Khedari et al. 
(2002) 
• Roof solar collector  
• 1.36m in length, 0.68m in width and 
0.14m in depth  
• Inclination angle of 30o 
• Electrical power per 
unit area from 
72.61W/m2 to 
374.08W/m2 
• Temperature difference increase with 
electrical power, 8.71oC to 37.41oC 
• Mass flow rate increase with electrical power, 
0.015kg/s to 0.023kg/s 
Ong (2003) • Stack height of 2.0m 
• 0.145m solar chimney depth  
• Thermal network energy balance 
• Between 100W/m2 to 
600W/m2 
• Mass flow rate increase with solar irradiance 
• Ranging from 0.006kg/s to 0.015kg/s  
Bunnag et al. 
(2004) 
• Roof solar collector  
• 1.0m wide by 1.5m long  
• Steady state condition 
• Heat flux densities  of 
262W/m2, 408W/m2 
and 574W/m2 
• Increasing heat fluxes increased the air 
temperature 
Bansal et al. 
(2005) 
• Cubic wooden room of 1m 
• Solar chimney depth of 0.130m and 
0.332m 
• Between 200W/m2 to 
700W/m2 
• Increasing irradiance increased air speed 
• 0.23m/s air speed at depth of 0.332m and 






Authors Description Parameterization Findings 
Zhai et al. (2005a) • Wooden solar chimney  
• 1.5m height, 0.5m width and 0.2m 
depth  
• Inclination angle of 45o 
• Between 120W/m2 to 
650W/m2 
• Increase with  solar  irradiance  
• Volume flow rate of 0.033m3/s at 650W/m2 
Amer (2006) • Scaled cubic building with a volume 
of 1m3 
• South facing solar chimney 
measuring 2m in height and 0.5m in 
width  
• Daily irradiance  
• Maximum solar 
irradiance of 1000W/m2 
at 1300hrs 
• Maximum of 10.4o drop in the interior 
temperature compared to the base case  
• Room temperature 1oC higher than the 
ambient  
• 1 hour room and solar chimney temperature 
lag compared to irradiance 
Mathur et al. 
(2006) 
• 1m cubic wooden chamber, 
• 4mm glass and black painted 
aluminum sheet form chimney  
• 0.3m square suction window  
• Ambient wind speed less than 
0.1m/s  
• 300W/m2, 500W/m2 
and 700W/m2 
• Air change rate increase linearly with solar 
radiation 
Bacharoudis et al. 
(2007) 
• 2D, incompressible and steady 
state FLUENT simulations 
• Solar chimney measured 0.05m in 
depth and 4m in height 
• Constant 27oC inner wall 
temperature 
• Constant 29.7 oC ambient air 
temperature  
• Outer wall 
Temperature ranged 
from 45oC to 70oC 
• Air speed and temperature increase with 
increasing outer wall temperature 





• Wooden one-story room  
• 3.8m by 2.8m by 2.4m  
• Relative constant ambient wind 
speed between 1.3m/s to 1.8m/s 
• Maximum solar 
irradiance of 662W/m2 
• Temperature drop of 1.0oC to 1.3oC within 
the room during the hot afternoon 
Susanti et al. 
(2008) 
• Full scaled cavity roof  
• Measuring 4.882m, 0.400m and 
0.078m in length, width and depth 
respectively 
• Upper surface heat 
production of 50W/m2, 
75W/m2, 100W/m2, and 
150W/m2 
• Both temperature and velocity found to have 






Authors Description Parameterization Findings 
Villi et al. (2009) • Stack height of 8m  
• 30o inclined to the horizontal 
• FLUENT CFD simulations 
• Between 400W/m2 to 
900W/m2 
• Heat removal varied almost linearly and 
directly proportional with solar irradiance  
 
Influence of Ambient Air Speed 
Authors Description Parameterization Findings 
Brockett and 
Albright (1987) 
• Developed a mathematical model 
using both thermal and wind 
induced pressure flows.  
• Model applied to a barn  
• 0.5m/s, 1.5m/s and 
3.0m/s 
• To maintain a fixed ventilation rate, the total 
vent area should increase with decreasing 
wind speed  
Khedari et al. 
(2000b) 
• 2 roof solar collectors, tilted at 25o 
• Building measure 3.45m, 3.35m 
and 2.68m in length, width and 
height respectively 
• Below 3m/s • Airflow rate independent of wind speed 
Arce et al. (2009) • Chimney  measures 4.5m, 1.0m 
and 0.30m in height, width and 
depth respectively 
• Constructed from reinforced 
concrete (surface facing south 
painted black) with glass cover 
• Daily ambient wind 
speed 
• 1m/s to 9m/s (0900hrs 
to 1800hrs) 





• Winter conditions in Poland  
• Ambient air temperature of 10oC 
• Kindergarten facilities  
• 0m/s to 10m/s • Air change rate increase with increasing 
ambient air speed  
 
Influence of Ambient Air Temperature 
Authors Description Parameterization Findings 
Bansal et al. 
(1993) 
• Cell of 64m3  
• Solar chimney of area 2.25m2 and 
0.15m width, inclined at 30o 
• 24oC, 30oC and 36oC • Airflow increase with ambient air temperature  
• Increment insignificant at high irradiance 
• Volume flow rate of 0.075m3/s to 0.094m3/s 






Authors Description Parameterization Findings 
Awbi (1994) • Solar  chimney 1.95m high, 1.50m 
wide, depth from 0.10m to 0.50m 
• 5m/s ambient wind speed  
• Temperature difference 
of 5oC to 30oC 
• Volume flow rate per unit height increase 
with temperature difference; range from 
0.03m3/s/m to 0.07 m3/s/m 
Wong et al. 
(2008) 
• 18 stories building  
• Double glass facade  
• 7m upwind with 1.5m/s wind speed 
• Steady state k-ε turbulent model   
• 26oC and 28oC • At 26oC, lower room temperatures and 
higher air speeds were observed 
Villi et al. (2009) • Stack height of 8m  
• 30o inclined to the horizontal 
• FLUENT CFD simulations 
• 28oC, 30oC, 32oC and 
35oC 
• Heat removed decreased with ambient air 
temperature   
 
Influence of Solar Chimney’s Stack Height 
Authors Description Parameterization Findings 
Gan (1998) • Ambient air temperature of 19oC  
• Solar chimney depth of 0.1m  
• Solar irradiance of 165W/m2 
• 2.4m, 2.7m, 3.0m, 
3.5m and 4.0m 
• Air flow rate increase with stack height  
• Correlated by a square root law 
Hirunlabh et al. 
(1999) 
• Metallic solar wall (MSW), faced 
south and 1m wide 
• House 3.35m, 3.45m and 2.68m in 
length, width and height respectively 
• 1m and 2m. • 2m stack height gave higher mass flow rate 
of 0.017kg/s at 1300hrs 
Kazansky et al. 
(2003) 
• Internal space of 0.60m, 0.30m and 
0.24m in length, height and width 
• Fluent CFD simulations  
• 0.15m, 0.30m, 0.45m, 
0.60m, 0.75m and 
1.35m 
• As height increased, the temperature within 
the solar chimney decreased significantly 
Ong (2003) • Solar irradiance 400W/m2 
• Solar chimney depth of 0.145m 
• Thermal network energy balance 
• Between 0.5m to 4.0m • Mass flow rate increase with stack height  
• Range from 0.005kg/s to 0.021kg/s 
Nouanegue et al. 
(2008) 
• Solar chimney depth of 0.10m 
• Inlet height of 0.21m 
• Reynolds numbers of 100 and 1000 
• Between 2m to 4m • Volume flow rate does not significantly 
depends on stack height except at high Re 






Authors Description Parameterization Findings 
Lee and Strand 
(2009) 
• Solar chimney algorithm for 
EnergyPlus 
• Building with floor area of 200m2 in 
Minneapolis, Spokane and Phoenix, 
• 3.5m, 5.0m, 6.5m, 
8.0m and 9.5m 
• Increases with stack height 
Nouanegue and 
Bilgen (2009) 
• 2D simulation with Boussinesq 
approximation 
 
• Aspect ratio (stack 
height over depth) of 6, 
10 and 15 
• Nu and aspect ratio insignificant when 
radiation effect included 
• Volume flow rate directly proportionally with 
aspect ratio 
 
Influence of Solar Chimney’s Depth 
Authors Description Parameterization Findings 
Aboulnaga (1998) • Building in Al-Ain city, UAE  
• 4.80m in length, 3.60m in width and 
3.60m in height. 
• Solar chimney width 3.60m 
• 0.08m, 0.10m, 0.20m 
and 0.25m 
• At least 0.20m and not lesser than 0.10m 
Khedari et al. 
(1998) 
• Modified Trombe wall in a 25m3 
room  
 
• 0.10m and 0.14m • Larger depth induced more airflow 
• Room temperature 2oC to 3oC higher than 
ambient temperature; 5oC for reference  
Hirunlabh et al. 
(1999) 
• Metallic solar wall (MSW), faced 
south and 1m wide 
• House 3.35m, 3.45m and 2.68m in 
length, width and height respectively 
• Between 0.100m and 
0.145m. 
• 0.145m depth gave higher mass flow rate of 
0.017kg/s at 1300hrs 
Rodrigues et al. 
(2000) 
• Vertical solar chimney 
• Stack height of 2.5m 
• Heat flux ranging from 100W/m2 to 
400W/m2 
• 0.15m, 0.20m, 0.30m • Heat transfer increase with increasing solar 
chimney’s depth  
• Velocity at outlet decrease with increasing 
solar chimney’s depth  
Balocco (2002) • Climatic weather in Florence, Italy 
in June and December 
• 14m solar chimney height  
• 0.07m, 0.15m, 0.25m 
and 0.35m 
• Simulated cooling load stabilize after 0.15m 
Chen et al. (2003) • Single wall-heated plexiglas solar 
chimney 1.5m high and 0.62m wide 
• Uniform heat flux in laboratory  
• Between 0.10m to 
0.60m 
• Air flow rate increase with depth 






Authors Description Parameterization Findings 
Ong and Chow 
(2003) 
• Quasi-steady state assumptions 
using thermal networks  
• Solar chimney measured 2.00m 
high and 0.48m wide 
• 0.1m, 0.2m and 0.3m • Temperature and air velocity increased with 
chimney depth 
Bansal et al. 
(2005) 
• Cubic wooden room of 1m 
• Solar  irradiance between 200W/m2 
to 700W/m2 
• 0.130m and 0.332m • Increasing depth increased air speed 
• 0.23m/s air speed at depth of 0.332m and 
solar irradiance of 700W/ m2 
Zhai et al. (2005a) • Wooden solar chimney measuring 
1.5m height and 0.5m width   
• Inclination angle of 45o 
• Heat input of 650W/m2 
• Between 0.1m to 0.5m • Increase with  depth but tapped off after 
depth of 0.40m 
• Volume flow rate of 0.055m3/s at 0.50m depth 
• No optimum channel depth  
Mathur et al. 
(2006) 
• 1m cubic wooden chamber, 
• 4mm glass and black painted 
aluminum chimney  
• 0.3m square suction window  
• Ambient wind speed less than 
0.1m/s 
• 0.130m, 0.235m and 
0.332m 
• Air change rate increased with the depth of 
the solar chimney and linearly with solar 
radiation 
Burek and Habeb 
(2007) 
• Solar chimney measuring 1.025m in 
height and 0.925m in width  
• Transparent cover and aluminum 
absorber plate heated by a heating 
mat till steady state condition.  
• Between 0.020m to 
0.110m 
• Mass flow rate increases with depth  
• Limited influences on the thermal efficiency 
Puangsombut et 
al. (2007) 
• Addition enhancement by 
employing radiant barrier into solar 
chimney 
• Measure 1.50m long and 0.70m 
width  
• Between 0.03m to 
0.11m 
• Airflow rate increased with increasing solar 
chimney’s depth 




• Cubic room measuring 1m 
• Incompressible, steady and laminar 
flow  
• DS/LR ranging from 0.1 
to 0.3 
• ACH increases with DS/LR 






Authors Description Parameterization Findings 
Wong et al. 
(2008) 
• 18 stories building  
• Double glass facade  
• 7m upwind with 1.5m/s wind speed 
• Steady state k-ε turbulent model   
• 0.3m, 0.6m and 0.9m • At higher floors, air speed increases and air 
temperature decreases with increasing depth 
Zamora and 
Kaiser (2009) 
• Double heated walls 
• Low-Reynolds k-ω turbulence 
model 
• DS/LR ranging from 
0.005 to 0.500 
• Optimal DS/LR increases with increasing 
Rayleigh number for mass flowrate  
Lee and Strand 
(2009) 
• Solar chimney algorithm for 
EnergyPlus 
• Building with floor area of 200m2 in 
Minneapolis, Spokane and Phoenix, 
• 0.15m, 0.30m, 0.45m, 
0.60m and 0.75m 
• Insignificant influence on mass flow rate  
Gan (2006) • Stack height of 6m 
• Heat flux of 100W/m2 and 300W/m2 
• Between 0.20m to 
0.80m 
• Maximum mass flow rate between 0.55m 
and 0.60m; 0.24m3/s/m for 300W/m2 
• Air speed decreases with increasing depth 
• Beyond 0.55m, reverse flow observed  
Villi et al. (2009) • Stack height of 8m  
• 30o inclined to the horizontal 
• FLUENT CFD simulations 
• 0.03m, 0.05m and 
0.10m 
• heat removed increased with depth  
• heat removed similar for depths of 0.05m 
and 0.10m 
 
Influence of Solar Chimney’s Inclination Angle 
Authors Description Parameterization Findings 
Khedari et al. 
(1997) 
• Roof solar collector having length 
2m, width 1m and depth 0.14m 
• 15o, 30o, 45o • Optimal inclination angle of 30o 
Aboulnaga (1998) • Building in Al-Ain city, UAE  
• 4.80m in length, 3.60m in width and 
3.60m in height. 
• 3.60m solar chimney width  
• 25o, 30o, 35o, 40o • Optimum inclination angle of 35o 
Hamdy and Fikry 
(1998) 
• South facing solar chimney 
positioned 32o North in summer 
• 0o to 90o in intervals of 
10o 
• Optimal tilt angle of 60o  
Adam et al. 
(2004) 
• multi-zonal simulation 
• solar chimney 1m in length, 2m in 
width   
• 30o, 45o, 60o, 75o and 
90o 






Authors Description Parameterization Findings 
Chen et al. (2003) • Single wall-heated plexiglas solar 
chimney 1.5m high and 0.62m wide 
• Uniform heat flux in laboratory  
• 15o, 30o, 45o and 60o • Optimal inclined angle of 45o 
Adam et al. 
(2004) 
• Unsteady multi-zonal simulation 
• Square building 10m wide, one 
story high 
• South, east and west orientation  
• 30o, 45o and 60o • Optimal inclined angle of 45o  
Bunnag et al. 
(2004) 
• Roof solar collector measuring 
1.0m wide by 1.5m long  
• Steady state condition 
• 15o, 30o, 45o, 60o and 
75o 
• Decreasing the inclination angles increased 
air temperature. 
Zhai et al. (2005a) • Wooden solar chimney measuring 
1.5m height and 0.5m width   
• Depth of 0.2m 
• Range between 10o to 
70o 
• Optimum inclination angle of 45o 
Harris and Helwig 
(2007) 
• PHOENICS simulations  
• Edinburgh, Scotland weather data 
• 22.5o, 45o, 67.5o and 
90o 
• Maximum airflow rate with inclination angle 
of 67.5o 
Biwole et al. 
(2008) 
• Compared scaled experimental and 
CFD setup of a double skin roof  
• Full scaled steady state  
• 15o, 30o, 45o, 60o, 75o 
and 90o 
• Increasing inclination angle decrease air 
temperature and increase air speed  
Susanti et al. 
(2008) 
 
• Full scaled cavity roof measuring 
4.882m, 0.400m and 0.078m in 
length, width and depth respectively 
• 20o and 30o • Not significant on the temperature 
• Steeper inclination for higher speed profile 
Sakonidou et al. 
(2008) 
• Comparing 2D CFD simulations 
and full-scale experiments  
• Solar chimney 1m in height, 0.74m 
in width and 0.11m in depth 
• 30o, 40o, 45o, 60o, 80o 
and 90o 
• Optimized inclination angle of 65o for 
temperature 
• Optimized inclination angle of 60o for 
maximum airflow rate 
Bassiouny and 
Korah (2009) 
• Window 1m tall 
• Room 3.00m high and 3.00m wide 
• Solar chimney 1.00m long with 
depth of 0.35m 
• Laminar and steady state 
• 15o, 30o, 45o, 60o and 
75o 
• Inclination angles between 45o to 75o gave 







Influence of Area of Solar Chimney’s Inlet and Outlet  
Authors Description Parameterization Findings 
Khedari et al. 
(2000b) 
• South facing solar chimney 
• Inclined at 25o 
• Length of 1.5m, width of 1.0m as  
well as depth of 0.08m and 0.14m 
• 60% and 100% inlet 
and outlet opening size 
compared to solar 
chimney depth 
• Inlet and outlet should be of equal size 
• Both inlet and outlet should be as large as 
possible 
Spencer et al. 
(2000) 
• Scaled experimental model  
• Length of 0.2m, height of 0.2m and 
width of 0.1m for interior 
• Solar chimney depth of 0.1m with 
varying height and width 
• Inlet area of 0.0015m2 
and 0.0030m2 
• Volume flow rate increased with increasing 
inlet area 
• Optimal solar chimney width rate increased 
with increasing inlet area 
 
Ding et al. (2005) • Scaled experimental model 1/25 of 
full scaled 
• Three dimensional CFD 
• Inlet and  outlet area of 
8m2 and 16m2  
• Greater opening area increase air change 
rate but reduce pressure difference in upper 
floors 
• 16m2 preferred compared to 8m2 
Susanti et al. 
(2008) 
• Rectangular duct of 4.882m, 
0.400m and 0.078m in length, width 
and depth respectively 
• 0.010m, 0.020m, 
0.035m, 0.078m 
• Air temperature in solar chimney increased 
with smaller inlet’s and outlet’s depth 
• Air speed in solar chimney decreased with 
smaller inlet’s and outlet’s depth 
 
Influence of Solar Chimney’s Material 
Authors Description Parameterization Findings 
Chantawong et al. 
(2006) 
• 0.74m in height, 0.5m in width and 
0.10m in depth 
• Absorptivity of 0.10, 
0.13 and 0.5647 
• The higher the absorptivity, the higher the air 
temperature and volume flowrate within the 
solar chimney 
Biwole et al 
(2008) 
• Inclination angle of 30o 
• Depth of 0.06m  
• Solar irradiance of 800W/m2 
• Emissivity of 0.15 and 
0.80 for interior and 
exterior surfaces 
• Interior emissivity is the significant factor in 
enhancing radiation heat transfer  










Influence of Inlet and Fenestration Positions 
Authors Description Parameterization Findings 
Barozzi et al. 
(1992) 
• Scaled down experiment and CFD 
simulation  
• Single chamber located in Nigeria 
measuring 5.5m by 3.5m by 3.0m in 
length, width and height 
• 23.8oC ambient temperature 
• Window positioned at 
the bottom and middle 
of the chamber 
• Flow pattern depends on window position  
• Room air speeds generally low 
• Temperature profile unaffected by window 
position 
Sarachitti et al. 
(2000) 
• Room 2.5m by 4m by 6m 
• Inlet located north, 0.5m by 1.0m 
• Outlet on ceiling, 0.4m by 1.0m 
• No ambient wind  
• Noon temperature  
• Positions of inlet and 
outlets were moved 
• Room air temperature, speed and movement 
depends on inlet and outlet positions 
Ziskind et al. 
(2002) 
• FLUENT simulations on 2D building 
of 6m in length by 2.5m in height  
• Attic outlet  
• 6m long and 2.5m high 
• 24oC ambient air temperature 
• 70W/m2 heat flux 
• Comparing between a 
duct inlet at the floor 
and a window inlet 
• Both cases gave similar air temperature  
• Both cases gave different air streamlines 
• Window produces higher air speed in the 









Appendix B – Breakdown of Correlations 
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≤≤ Vertical solar chimney 
with Hs of 2.4m and Ds of 
0.1m. 











































Inclined solar chimney 
with Ls, Ws, Ds and θs 
having values of 1.36m, 
0.68m, 0.14m and 30o 
respectively.  
















































Vertical solar chimney 
with Hs of 1.025m and Ws 
of 0.925m while Ds 














Inclined solar chimney 
with θs having value of 
45o while the interior 
dimension were 3.8m by 

















































Inclined solar chimney 
with Ls, Ws and θs having 
values of 1.50m, 0.70m, 
and 30o respectively 
while Ds ranged from 




















Inclined solar chimney 
with Ls and Ds having 
values of 1.00m and 
0.35m respectively while 
θs ranged from 15
o to 75o. 





















Inclined solar chimney 
with Ls and θs having 
values of 8.00m, and 30o 
respectively while Ds 



























Vertical solar chimney 
with Ds/Hs ranging from 
















TA,O - Temperature of Outside Ambient Air (K) 
TM - Temperature of Metal Surface (K) 
TF - Temperature (mean) of Fluid (K) 
TF,i - Temperature of Fluid at Inlet (K) 
TF,o - Temperature of Fluid at Outlet (K) 
TW - Temperature of Wall Surface (K) 
TR - Temperature of Room/Interior (K) 
TS - Temperature of Sky (K) 
Tave,mf - Average Temperature between Metal Surface and Fluid (K) 
Tave,wf - Average Temperature between Wall Surface and Fluid (K) 
∆Tmf - Temperature Difference between Metal Surface and Fluid 
∆Twf - Temperature Difference between Wall Surface and Fluid 
 
hc,mf - Convective heat transfer coefficient between Metal and Fluid 
hc,wf - Convective heat transfer coefficient between Wall and Fluid 
hr,mw - Radiative heat transfer coefficient between Metal and Wall 
hr,ms - Radiative heat transfer coefficient between Metal and Sky 
hc - Conductive heat transfer coefficient of Metal 
IA 
Metal Surface Wall Surface Fluid Medium 
Radiative exchange 




























hwind - Heat transfer coefficient between Metal and Ambient Wind 
Uma - Overall heat transfer coefficient between Metal and Ambient 
Uwr - Overall heat transfer coefficient between Wall and Room 
 
Cf,mf - Specific heat capacity of Fluid (reference to Metal Surface) 
Cf,wf - Specific heat capacity of Fluid (reference to Wall Surface) 
β - Coefficient of Volumetric Expansion 
µ - Dynamic Viscosity of Fluid 
ρ - Density of Fluid 
kf - Thermal conductivity of Fluid 
 
IA - Solar Irradiance 
SA - Solar Irradiance absorbed by Metal 
σ - Steffan-Boltzmann constant 
αM - Absorptivity of Metal Surface 
εM - Emissivity of Metal Surface 
εW - Emissivity of Wall Surface 
 
Nu - Nusselt Number 
Pr - Prandtl Number 
Gr - Grashof Number  
 
AW - Area of Metal and Wall Surfaces 
Ai - Area of Solar Chimney’s Inlet 
Ao - Area of Solar Chimney’s Outlet 
 
q" - Heat removed by Fluid 
m - Mass flowrate of Fluid 
γ - Constant for mean temperature approximation, 0.74 
L - Length of Solar Chimney 
θ - Inclination Angle to the horizon 
Cd - Coefficient of Discharge for Inlet, 0.57 
SA,O - Speed of Outside Ambient Air  
 
Energy Balance for Metal Surface 
 
Solar Irradiance 
absorbed by Metal 
= 
Convective transfer from Metal to Fluid 
  + 
Radiative exchange between Metal to Wall 
  + 
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Energy Balance for Fluid Medium 
 
Heat removed by 
Fluid 
= 
Convective transfer from Metal to Fluid 
  + 
Convective transfer from Wall to Fluid 
 " = ℎ,
 ∙  ∙  −  + ℎ,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Energy Balance for Wall Surface 
 
Radiative exchange 
between Metal and 
Wall 
= 
Convective transfer from Metal to Fluid 
  + 
Conductive transfer from Wall to Interior 
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Convective Heat Transfer Coefficient between Wall and 
Fluid 
 ℎ, = 01 ∙ 2,3  
 01 = 0.60 ∙ 78 ∙ 9:; ∙ <8=.> 
 78 = ? ∙ @ ∙ ∆ ∙ 3B ∙ CDEF> 
 @ = 1GH, 
 D = 1.1614 − 0.00353 ∙ GH, − 300 
 E = L1.846 − 0.00472 ∙ GH, − 300P × 10RS 
 , = L1.007 − 0.00004 ∙ GH, − 300P × 10B 
 2, = 0.0263 + 7.4 × 10RS ∙ GH, − 300 




Overall heat transfer coefficient between Metal and 
Ambient 
 
 = ℎ TU + ℎ,
V + ℎ 
 ℎ TU = 2.8 + 3.0 ∙ , 
 ℎ,
V = W ∙ X ∙ Y − ZY − 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Z = 0.0552 ∙ ,[.S 
 
Radiative heat transfer coefficient between Metal and 
Wall 
 ℎ,
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> + 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Solar Irradiance absorbed by Metal 
  = \ ∙ ] 
 
Mass flowrate of Fluid 
 
 = 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HS - Solar Chimney’s Stack Height 
DS - Solar Chimney’s Depth 
WS - Solar Chimney’s Width 
PS  - Solar Chimney’s Inlet Position 
 
SR  - Interior Air Speed 
TR  - Interior Air Temperature 
 
SS,i  - Solar Chimney’s Inlet Air Speed 
TS,i  - Solar Chimney’s Inlet Air Temperature 
SS,o  - Solar Chimney’s Outlet Air Speed 
TS,o  - Solar Chimney’s Outlet Air Temperature 
 
QTheo - Theoretical Heat Flux Rate 
QSim - Simulated Heat Flux Rate 
mTheo - Theoretical Mass Flowrate  
mSim - Simulated Mass Flowrate 
 
ACH - Air Change Rate 
Cp - Specific Heat Capacity of Air 
A - Average (Interior / Exterior) Surface Area of Solar Chimney 
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determined be to constants are  to  and







α αααα SSSS PWDH ⋅⋅⋅⋅=Φ
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In matrix form:  
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Figure D-1: Dimensional regression model for output air speed (without solar 
chimney’s inlet position) 
 
Figure D-2: Dimensional regression model for solar chimney inlet air speed 
(without solar chimney’s inlet position) 
 
Figure D-3: Dimensional regression model for solar chimney outlet air 
temperature (without solar chimney’s inlet position) 




















































0.6392, R2 = 0.9853




















































-0.0534, R2 = 0.9600






























































Figure D-4: Dimensional regression model for solar chimney outlet air speed 
(without solar chimney’s inlet position) 
 
Figure D-5: Dimensional regression model for solar chimney heat transfer 
coefficient (without solar chimney’s inlet position) 
 
Figure D-6: Dimensional regression model for air change rate (without solar 
chimney’s inlet position) 






















































-0.0439, R2 = 0.9643




















































-0.1084, R2 = 0.9994












































Figure D-7: Comparison of simulated and theoretical mass flowrate 
 
Figure D-8: Comparison of simulated and theoretical heat flux 
Table D-1: Dimensional regression model for various secondary output 
parameters (with solar chimney’s inlet position) 
Regression SR SS,i TS,o SS,o h ACH 
Constant, α1 0.0784 0.3375 32.15 0.4364 7.7584 6.3110 
Power of Hs, α2 0.3119 0.5771 0.1333 0.5845 0.1879 0.5780 
Power of Ds, α3 0.5659 -0.1010 -0.3470 0.1449 0.0467 0.8999 
Power of Ws, α4 0.6387 -0.0542 -0.0869 -0.0442 -0.1087 0.9466 
Power of Ps, α5 0.0141 0.0216 -0.0006 0.0109 0.0085 0.0221 
R
2
 0.9853 0.9614 0.9998 0.9646 0.9994 0.9993 
t134 for α1 -21.32 -19.08 111.30 -13.81 58.33 31.40 
t134 for α2 6.92 26.85 11.33 25.79 14.18 26.10 
t134 for α3 25.48 -9.54 -59.83 12.97 7.14 82.45 
t134 for α4 27.03 -4.81 -14.08 -3.72 -15.64 81.51 
t134 for α5 0.67 2.15 -0.10 1.03 1.37 2.13 
 

































































































Table D-2: Dimensional regression model for various secondary output 
parameters (without solar chimney’s inlet position) 
Regression SR SS,i TS,o SS,o h ACH 
Constant, α1 0.0790 0.3416 32.14 0.4390 7.7951 6.3886 
Power of Hs, α2 0.3102 0.5745 0.1333 0.5832 0.1869 0.5753 
Power of Ds, α3 0.5679 -0.0981 -0.3471 0.1464 0.0478 0.9029 
Power of Ws, α4 0.6392 -0.0534 -0.0869 -0.0439 -0.1084 0.9474 
R
2
 0.9853 0.9600 0.9998 0.9643 0.9994 0.9993 
t134 for α1 -21.32 -18.64 111.82 -13.72 58.34 31.23 
t134 for α2 6.88 26.33 11.35 25.67 14.02 25.59 
t134 for α3 25.74 -9.18 -60.34 13.16 7.33 82.04 
t134 for α4 27.02 -4.66 -14.09 -3.68 -15.49 80.27 
 
Comparison of the mass flowrate and heat flux obtained directly 
from simulations with simplified theoretical calculation from the 













HS - Solar Chimney’s Stack Height 
DS - Solar Chimney’s Depth 
WS - Solar Chimney’s Width 
PS  - Solar Chimney’s Inlet Position 
 
θ - Inclination Angle = 45o 
I - Solar Irradiance = 0.80 x 900W/m2 = 720W/m2 
β - Volumetric Thermal Expansion of Air = 0.0031 K-1 
g - Gravitational Acceleration = 9.81m2/s 
ρ - Average Density of Air = 1.177Kg/m3 
µ - Average Viscosity of Air = 1.904 x 10-5Kg/ms 
Cp - Average Specific Heat of Air = 1.0056 x 10
3J/KgK 
λ - Average Thermal Conductivity of Air = 0.0272W/mK 
DR - Depth of Interior = 8.00m 
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determined be to constants are  to  and












  loglogloglogloglog 453423121 πγπγπγπγγ ⋅+⋅+⋅+⋅+=Ω
 
 
In matrix form:  
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Figure E-1: Non-dimensional regression model for output Reynolds number 
(constant valued one and without solar chimney inlet position ratio) 



































Figure E-2: Non-dimensional regression model for solar chimney Reynolds 
number (without solar chimney inlet position ratio) 
 
Figure E-3: Non-dimensional regression model for solar chimney Nusselt 
number (without solar chimney inlet position ratio) 
 
Figure E-4: Non-dimensional regression model for solar chimney normalized 
temperature gradient (with solar chimney inlet position ratio) 
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Figure E-5: Comparison of simulated data using published literature definition 
of non-dimensional constants for solar chimney Rayleigh number against 
Reynolds number 
 
Figure E-6: Comparison of simulated data using published literature definition 
of non-dimensional constants for solar chimney Rayleigh number against 
Nusselt number 
There are many different regression models in published 
literature. Although they vary among each other, their differences 
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dimensional constants. With respect to Appendix B, the 139 simulated 
cases are modelled under the definitions of the respectively published 
literature and compared with the authors’ correlations. Results from 
Figure E-5 and Figure E-6 show that except for the correlation of the 
solar chimney Reynolds number by Khedari et al. (2002), the simulated 
data fits the authors’ correlations reasonably well.  
Table E-1: Non-dimensional regression model for various secondary output 
parameters (with solar chimney inlet position ratio) 
Multiple Linear 
Regression 
ReR ReS NuS T∆  
Constant, γ1 0.9265 0.2627 0.1871 3.5313 
Power of Ds*, γ2 -0.7380 -0.4194 -0.0069 -0.1102 
Power of Ws*, γ3 0.3971 -0.1517 -0.1226 -0.1135 
Power of Ps*, γ4 0.0273 0.0042 -0.0315 -0.0690 
Power of Ra*, γ5 0.3672 0.4079 0.2638 -0.1719 
R2 0.9998 0.9999 0.9999 0.9995 
t134 for γ1 -0.2353 -3.5485 -7.5638 6.5936 
t134 for γ2 -11.5673 -10.6342 -0.2994 -5.5013 
t134 for γ3 17.7146 -10.9523 -15.0445 -16.1286 
t134 for γ4 0.4487 0.1122 -1.4232 -3.6073 
t134 for γ5 19.9951 35.9356 39.4966 -29.8127 
 
Table E-2: Non-dimensional regression model for various secondary output 
parameters (without solar chimney inlet position ratio) 
Multiple Linear 
Regression 
ReR ReS NuS T∆  
Constant, γ1 1 0.2710 0.2115 - 
Power of Ds*, γ2 -0.7249 -0.4158 0 - 
Power of Ws*, γ3 0.4015 -0.1510 -0.1300 - 
Power of Ra*, γ5 0.3640 0.4069 0.2623 - 
R2 0.9998 0.9999 0.9999 - 
t134 for γ1 - -5.0903 -26.9005 - 
t134 for γ2 -52.8181 -18.2161 - - 
t134 for γ3 20.1688 -12.2783 -17.5367 - 
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Appendix G – Reviewers’ Comments 
 
1st Reviewer  
Locations Comments 
Page 1 Para 2 Leaded should be changed to led 
 Will update. 
Page 7 Eqn 2 Range of applicability? What if air temperature < 
25oC and PMV < -1.1? Too cold? 
 The correlation is based 538 field data in 
Singapore, PMV higher than 1.1 is thermally too 
hot to be comfortable where PMV lesser than -1.3 
is thermally too cool to be comfortable.  
Page 8 Line 3 Research outline should be changed to Thesis 
outline. 
 Will update.  
Chapter 1 Whole chapter or thesis: Put figures close to or 
after the associated text. 
 Figures are placed as close as possible to the 
associated text; the current arrangement tries to 
minimize the occurrence of empty white spaces.  
Page 9 Para 1 Various different should be changed to different; 
also in the figure title. 
 Will update. 




left configuration (if wind is from left)? 
 The solar chimney cannot be properly employed if 
wind is not from the fenestration. Hence, the 
design of solar chimney needs to be properly 
considered.   
Page 16 Para 1 How could ventilation rate be independent of wind 
velocity when it was compensating for the thermal 
loss? 
 Will update as “it was further observed that the 
airflow rate did not fluctuate with wind velocity as 
loss of thermal-induced ventilation was 
compensated by the wind-induced ventilation.”   
Page 17 Para 2 Eqn 2-1 does not show temperature increased 
with j 
 Referring to Page 83, Figure 3-30 and Page 84, 
Figure 3-31, Khedari (2002) correlations are 
plotted and indeed showed an increasing trend. 
Page 18 Para 2 In additional should be changed to in addition 
 Will update. 
Page 27 Para 3 Exceed should be changed to exceeded 
 Will update.  
Page 42 Para 1 How could a horizontal chimney work under 




 It is difficult for a horizontal chimney to work under 
buoyancy alone. Literature showed that usually, 
the height of the interior will compensate and aid 
the buoyancy.  
Page 42 Para 1 The smaller the anglejnot necessarily, 
depending on site latitude and season. Eg in the 
Northern Europe in winter the larger the angle the 
better. 
 It does depend on the orientation of the solar 
chimney, will update to note “in the tropics”.  
Page 42 Para 2 Not undeterminable but could vary with time and 
season for a given site. 
 Will update. 
Page 42 Para 3 Losses from inlet/outlet are not as a result of 
friction but other forms such as fluid 
contraction/expansion and turbulence.  
 Will update. 
Page 46 Para 2 How could a chimney with non-glass exterior 
store sufficient solar heat for stable operation in a 
day with varying patterns of sunshine/cloud or at 
night?  
If insulation fails, non-glass cover would also 




Metal cover (high temperature) would transfer 
more heat by radiation to interior.  
 Non-glass exterior is unable to achieve the desire 
greenhouse effect, however the performance of 
such solar chimney is still reasonable and till date, 
no literature examined the isolated effects of non-
glass exterior.  
Yes, if insulation fails, non-glass cover would also 
allow heat transfer inwards. However, as the heat 
gain is lesser, the effects will also be reduced. 
Limited literature reported that heat transfer by 
radiation is minimum compared to convection.   
Chapter 2 Review could be more critical than simple 
description of previous work. Eg for two similar 
pieces of work, were their conclusions similar or 
different. If different, which one you think (or from 
other researchers) would be more reliable. 
Review could also be done according to the 
research team rather than chronically alone. Eg, 
work by the Thai researchers could be described 
together and more succinctly rather than as 
completely different investigations. 




of literature review. It will be useful for the 
preparation of a comprehensive review paper. 
Page 59 Para 2 Why put sensors at 1.05 and 2m instead of other 
levels, eg 0.5 and 1.5m? 
 1.05m and 2m is the facial height of human sitting 
down and standing up respectively. 
Page 60 Para 1 Why speed sensors at 1m instead of 1.05m or 
other positions eg 1.2m (p107, last but 4 lines)? 
 Facial height of human sitting down ranged from 
1.0m to 1.2m. During the pilot study, the air 
temperature and speed sensors were both placed 
at 1.0m above the ground. After experiments 
were completed, further observations corrected 
the air temperature sensor to 1.05m. Changing 
the position from 1.0m/1.05m to 1.2m was made 
to be in line with Greenmark scheme which 
specific 1.2m as the output requirement.  
Page 65 Para 2 What would be possible errors by excluding the 
external environment? 
 The computational velocity inlet can only be 
modeled as uniform air speed, an estimate of the 
actual air distribution. This may introduce errors.  




for mechanical ventilation but would be 
significantly different for natural ventilation in 
terms of flow patterns as well as ventilation rate. 
What would be possible magnitude of errors in air 
speed and temperature for any point? Wind effect 
could be simulated with an equivalent inlet 
pressure?  
 Simulation is an estimate of the experiment 
conducted and is not possible to fully simulate the 
actual conditions. As the pressure changes due to 
wind effects are not recorded during experiment, 
it cannot be used as a computation input.  
Page 66 Para 3 A maximum heat flux of 20W/m2 seems rather 
low. What about other heat gains such as solar 
heat and computers? 
 The floor area of Classroom A2-1 is around 80m2, 
while the tables and chairs are arranged for a full 
capacity of 30 students. In high education 
institutions, a tutorial class usually consists of 16-
20 students and hence is a realistic assumption.   
Page 68 Para 1 Average should be changed to average 
irradiance. 




Page 68 Para 1 Under to? What do you mean? 
 Will update to “a value of affordable thermal 
comfort for corridoor subjected under to solar 
radiation in the tropics.” 
Page 68 Fig Figure 3-14: legend should be changed to 
represent lines (black and green). 
 Legend and graph are consistent throughout the 
thesis. 
Page 69 Para 2 Description is not clear – a graph should be 
plotted to show the increase of air temperature 
with travelling distance.  
 Figure 3-15 and Figure 3-16 need to be viewed 
together to understand the increase of air 
temperature with travelling distance. 
Page 69 Para 2 Two lines for temperature difference (CT7 – CT2) 
in hot and cold days should be plotted in Figure 3-
16 or in a separate figure. 
 The two points in Figure 3-15 and Figure 3-16 will 
be pinpointed to show the temperature difference.  
Page 71 Para 2 Description is not clear – a graph should be 
plotted to show the increase of air speed along 
the west façade. 




together to understand the increase of air speed 
with travelling distance. 
Page 71 Fig Figure 3-20 lower figure: add title for vertical axis; 
legend should be changed to represent lines 
(black and green). 
 Throughout the thesis, if lower graph axis unit is 
similar to the upper graph axis, the title is not 
repeated and not shown. Legend and graph are 
consistent throughout the thesis. 
Page 72 Para 3 Produce should be changed to produced. 
 Will update. 
Page 72 Para 4 Why is there a time lag for the experimental 
region compared with the reference region? 
 The solar chimney is effective in drawing out the 
thermal energy during the hot afternoon. Hence 
the air temperature is lower and only increases in 
the late afternoon when the solar chimney is 
reduced.   
Page 73 Para 1 Explain why the maximum and average 
differences in air speed between high and low 
irradiance are so small (10%) when average 
irradiance difference is over 100%? 




combined effects of the interconnectivity of the 
solar chimney ducts in the Level 3 Hall.  
Page 73 Para 2 How was the inlet air speed determined? From 
single point measurement which may not be 
appropriate as the speed is not uniform across 
the area (eg over estimating from the centre 
point). If averaged from multiple points, would it 
actually represent the mean velocity? 
 The lack of air speed sensors (cost and accuracy) 
is a serious issue faced by many experiments and 
single point estimation is a common practice. Will 
update to note the possibility of over-estimation. 
Page 73 Para 3 -1.3 should be changed to -1.1? should be 
symmetrical from 0.0. 
 As the thermal comfort acceptability is different 
between too hot (1.1) and too cold (-1.3), the 
PMV values are not symmetrical.  
Page 75 Para 2 But the figure actually indicates large changes. Eg 
at noon, the air temperature for the top is 2-3oC 
lower and that for the middle/bottom is about 4oC 
higher? 
 The air temperatures within the solar chimney 




ambient solar irradiance where the difference is 
due to the differences in ambient solar irradiance.  
Page 78 Para 2 0.4m/s to should be changed to 0.4m/s and  
 Will update. 
Para 81 Table If chimney surface temperature (CST) from theory 
= ambient air temperature (Ta,o), no heat transfer 
from chimney to air. Theoretically it’s not possible 
when there is solar heat absorption. Is calculation 
given in Appendix C (p186-190) correct? Need to 
change 3rd paragraph on page 82 if calculation is 
wrong.  
 The high thermal conductivity of aluminum with its 
narrow thickness of 3mm gives a conductive heat 
transfer coefficient in the 4th order of magnitude, 
which mathematically forced the difference in the 
ambient air temperature and theoretical solar 
chimney exterior surface temperature to be in the 
magnitude order of 10-4. 
Page 83 Para 2 The chimney includes vertical and inclined 
sections and equations for one straight inclined 
section may not be applicable for comparison. 
Decreasing Nu with increasing Ra from 




ineffectiveness of metal skin – if this is the case, 
Nu should at least remain unchanged when Ra 
increases (like Ra and ACH next page). 
 There are several possible reasons why the trend 
of Nu against Ra is different, from the different 
inclination angle to the combination of vertical and 
inclined sections. This is an attempt to understand 
the application of existing correlations to 
experimental data and the main conclusion drawn 
is its ineffectiveness.  
Page 84  Measured Re is much higher than estimated from 
correlations, presumably resulting from (10x) 
higher duct velocity. Is there anything wrong in 
the calculation from measured and/or correlated? 
Such a large difference would invalidate the work 
presented in the thesis.  
 The experimental set up of Khedari et al. (2002) 
and Paungsombut et al. (2007) is much smaller 
compared to ZEB, solar chimney’s length of 
1.35m and 1.50m respectively compared to stack 
height of 11.20m in ZEB. This could be main 
reason why the air speed within the solar chimney 




Page 88 Table Computed air temperature in chimney (row 2) and 
air speed in room A2-1 (row 3) are much higher? 
This cannot support the last statement of 3rd 
paragraph on page 89. 
 The average results in Table 3-8 needs to be 
examined together with Figure 3-35 and Figure 36 
in order to have a better understanding of the 
validation model. The 42 points mean showed 
similar reasons of 20.52 and 21.87 between the 
experimental and validation model and hence 
support the last statement of 3rd paragraph on 
page 89 to validate the computational model of 
Classroom A2-1.  
Page 89 Para 4 Air temperature cannot be uniform if there is heat 
from floor. The variation could not be seen from 
Figure 3-37 because the temperature scale is not 
appropriate (too large to show relatively small 
change in the room). 
 The two lowest temperature scale of Figure 3-37 
is 28.8oC and 31.9oC which give a difference of 
3.1oC. There is indeed no air temperature 
variation as the computational model assumed no 




internal heat load does show air temperature 
variation in the Classroom although the difference 
is minimal.  
Page 91 Fig  Figure 3-39: temperature scale is incorrect; no 
change of temperature? 
 The temperature scale is correct; the temperature 
variation is very small and in the 3rd decimal 
places and hence gives constant temperature 
scale.  
Page 92 Para 2 How do you know 5 point readings can be used 
for average velocity calculation (Table 38 does 
not indicate it)? Have you compared with actual 
flow measurements? Velocity not only varies with 
position but its direction could change (eg from 
upward to sideward or even downward) because 
of fluctuating ambient conditions. 
 This is an observation. Experimental set-up 
constantly faced difficulties in understanding 
interior air speed due to the lack of air speed 
sensors, with literature giving single-point 
estimation.  
Page 93 Table Explain why air speed and temperature in the 




those at 10W/m2 and 20W/m2, (also other 
parameters for the 3 columns) which theoretically 
is not possible. Has the solution fully converged 
or the results reliable? 
 The effects of internal heat load needs to be 
examined together with the entire configuration of 
the solar chimney and interior. As only a simple 
pilot study is conducted for this input parameter, 
the detailed interaction of internal heat load with 
other input parameters on the output is an area 
for further research.  
Page 94 Para 1 No stratification? But lower figure of Figure 3-43 
shows large temperature variation (>10oC) in the 
room? 
 From Figure 3-43, the air temperature difference 
is about 1.5oC (28.8oC and 30.3oC) and 
considered as no significant temperature 
stratification.  
Page 96 Para 2 Existence of the chimney is not the source of time 
lag; it is the thermal mass of the building.  
 The time lag is compared between the 
experimental and reference regions, where is the 




already taken into account.  
Page 96 Para 3 Thermal comfort may be acceptable but air quality 
may not be. A chimney with thermal storage might 
be better to provide ventilation with heat stored 
during higher irradiance period.  
 Yes, this is why the PMV thermal comfort is 
examined together with the ACH as well as 
interior air temperature and speed.  
Page 101 Para 1 Influence on the room temperature is seen from 
Figure 3-43. Also because of relatively low heat 
flux investigated, the influence on chimney 
temperature and speed is not conclusive; higher 
heat flux might show large influence.  
 Indeed, continue to increase the internal heat load 
may have a more profound impact on the interior. 
This is an interesting topic and can be an area for 
further research (modeling heat load as human 
load instead of planar load). 
Page 102 Para 1 Air quality may not be good enough at low 
ventilation rate particularly for spaces with high 
occupancy such as classrooms. 
 Yes, this is why the PMV thermal comfort is 




interior air temperature and speed.  
Chapter 3 Too many repetitive statements, eg description of 
sensors in different positions. Same 
statement/description should be avoided in the 
whole thesis. 
Change present tense to past tense in describing 
tests and results. 
Green line in figures is not easy to be seen; better 
change to other colours such as blue.  
 Repetitive statements were to ensure that readers 
fully understand the various experimental set-up 
which according to several readers, not easy to 
understand (especially the ZEB solar chimney 
system). 
NUS thesis writing guidelines actually encourage 
the use of present tense in describing tests and 
results. 
Green line is difficult to view on projector and 
screen but still manageable on paper.  
Page 110 Para 1 Re -> Re2 
 Will update. 
Page 110 Eq Equation 4-1: term for buoyancy effect in 




one of the terms in incorrect) is missing. 
 The equations are given in its general form and 
the buoyancy effect is obtained from the 
Boussinesq approximation shown in Equatioh 4-3.  
Page 110 Last  Why at 27oC when ambient air is fixed at 31oC 
(p105, 3rd line)? Inconsistent/wrong boundary 
condition.  
 The effect is minimal and hence left to follow the 
standard criteria of FLUENT.  
Page 111 Middle Explain U* in expression for Cµ. 
 Can be found within the FLUENT manual, felt that 
it is too technical to include in the thesis. 
Page 112 Para 2 Explain y+. 
 Can be found within the FLUENT manual, felt that 
it is too technical to include in the thesis. 
Page 114 Para 3 Similar results? How do you know? 
 Technically, simulating the air upstream velocity 
and right at the fenestration is similar, as long as 
the air velocity at fenestration is correctly 
specified; not an easy task as air velocity at 
fenestration is usually unknown.  
Page 114 Para 4 This is not the reason to extend domain to the 




relative to atm pressure. 
 The calculated pressure should be higher relative 
to atm pressure at the outlet for air to flow out. 
Page 115 Para 2 If 720W/m2 absorbed heat flux is used, heat 
should be allowed to transfer to outside as well as 
inside the plate, otherwise inward heat transfer 
would be greatly over-predicted. What external 
conditions if any were used in simulation including 
convection heat transfer coefficient? 
 The absorptivity of 0.8 is a general value, which 
include the combined effects of radiation and 
convection to the ambient. The non-dimensional 
regression model can be used to overcome 
changes in the external environment (eg heat 
flux). 
Page 120 Para 1  Air temperature and speed are similar: but Table 
5-1 (page 119) indicates that  
a) Temperature: difference in computational 
outlet is 1% based on magnitude (47.57-
47.1) and nearly 3% based on temperature 
increase from inlet to outlet (47.57-47.1)/ 
(47.57-31). 





Are these numbers small enough for grid 
independency? 
 Yes, they are (2 significant figures), when 
compared together with mass flowrate and heat 
transfer rate.  
Page 121 Para 1 Air speeds increase as it travels: but Figure 5-4 
shows it decreases along the length? 
 Figure 5-4 indeed shows that air speed increases 
as it travel but stabilize to a value.  
Page 121 Para 2 Air temperature would increase along the 
chimney if weighted average value rather than 
point value is used. 
 The mid-point is used as a simple illustration.  
Page 121 Para 2 Air temperature increase at 6m is not clearly seen 
from Figure 5-4. 
 The gradient of the air temperature started to 
increase after 6m, which is clear from Figure 5-4. 
Page 122 Para 2 Directly proportional should be changed to 
inversely proportional? 
 Directly proportional, the higher the air 
temperature, the greater the air speed. 




this has nothing to do with high outdoor 
temperature. A simulation with lower outdoor 
temperature would generate constant value in the 
room too. Also temperature stratification below 
the flow path might be observed if the display 
range is reduced to say 31-35oC.  
 This display ranges were reduced for observation 
and no temperature stratification was observed.  
Page 124 Fig Figure 5-8: how can inlet air flow like open 
channel/duct flow (without bottom cover/edge)? 
Velocity near the opening edges should be low to 
zero rather than maximum. 
 Velocity near the opening edges before the solar 
chimney inlet is entering a restriction, which 
explains the increase in air speed.  
Page 125 Para 2 Stack height has no effect on room temperature. 
This is not because of lack of temperature 
stratification but because of short circuiting of 
incoming air (bypassing heat from floor) which is 
not good (design) for indoor thermal comfort (heat 
removal) or air quality. 





Page 125 Fig Figure 5-10: explain why outlet air temperature for 
Ws = 1m does not increase at Hs = 14m? 
Theoretically it is not possible. Is solution really 
converged or the flow model applicable for the 
flow (eg y+ is beyond range)? 
 The increase in minimal.  
Page 126 Fig Figure 5-11: explain why SC air speed for Ws = 
1m is much higher at Hs = 14m? 
 We only look at overall trend and not individual 
case. There are many physical and computational 
reasons that still render further research.  
Page 126 Para 3 Air in chimney is predominantly unheated? If so, 
how could temperature increase by over 10oC 
from inlet to outlet? 
This explain whyj.Not so as stated above but 
because the narrow gap has a much large friction 
resistance to buoyancy such that low flow rate 
could not remove heat as much as desired.  
 “predominantly” and not “totally”, this explains 
why the temperature only increase by 10oC 
compared to 60oC in other cases. 
Will update.  




Hs = 14m is much lower at Ds = 0.7m? 
 We only look at overall trend and not individual 
case. There are many physical and computational 
reasons that still render further research.  
Page 128 Para 1 As chimney depth increases, buoyancy effect 
drops? No so. The effect should increase 
because resistance decreases and both flow rate 
and its product with temperature difference 
increase (Q x DT). 
 Results showed that the temperature difference 
drops significantly.  
Page 128 Para 2 Increasing chimney depth should not be the 
reason for air speed drop at the inlet. It increases 
flow rate for the same rate of heat input.  
 Simulations define chimney depth to be equal to 
solar chimney inlet height. It is this inlet height 
that increases which leads to drop in inlet air 
speed as the restriction faced while travelling into 
the inlet is lesser.  
Page 129 Para 1 Chimney width does not necessarily have a 
similar effect to depth. The depth has more effect 
on flow direction and patterns in the chimney. 




trends of variation – h increases with depth but 
decreases with increasing width.  
 The similar effect is with respect to the hydraulic 
diameter which consists of both the depth and 
width.  
Page 133 Fig Figure 5-20: which of the 3 velocity plot is best for 
indoor environment? Bottom inlet would eg be 
better for removing heat from the floor and 
contaminants as it avoids short circuiting of 
incoming air. 
 Internal heat load is an interesting area for further 
research. From current research, the middle inlet 
is recommended for increase in localized air 
speed.  
Page 133 Para 2 Indoor air temperature would not remain constant 
if high heat fluxes are used for simulation.  
 Internal heat load is an interesting area for further 
research. 
Page 134 Eq Eqn 5-1: what’s is the basis for the regression 
model? 
 The understanding that the combination of the 
four input parameters decides the value of the 




Page 134 Chimney inlet position could be one of the most 
significant parameters if consideration is given to 
high heat flux and/or indoor air quality.  
 Internal heat load is an interesting area for further 
research. 
Page 138 Inlet and outlet air speeds should be similar but 
the depth in the correlations has different effect – 
one negative (for inlet) and another positive (for 
outlet). Are such correlations suitable as they are 
theoretically wrong? Or the simulation results 
reliable? 
 Simulations define chimney depth to be equal to 
solar chimney inlet height. It is this inlet height 
that increases which leads to drop in inlet air 
speed as the restriction faced while travelling into 
the inlet is lesser.  
Page 140 Para 2 Regression model would be able to predict the 
indoor air speed if more simulations were done 
regarding the effects of interior size and 
insolation.  
 An interesting area for future research. 
Page 140 Last 5-1 should be changed to 5-2. 




interior should be based on ceiling height rather 
than depth as the flow is mainly cross flow 
horizontally rather than between floor and ceiling 
vertically. Depth is not part of wetted perimeter.  
 Will update. 
After looking at the flow of air, hydraulic diameter 
for the interior will be better defined is the cross-
sectional dimension is used (width and height 
instead of width and depth) as the air flows from 
the fenestration to the inlet. However, air did not 
totally occupied the entire interior but only the 
straight path, rending the hydraulic diameter an 
over-estimation. Furthermore, if the fenestration is 
not directly across from the inlet but at its side, 
the hydraulic diameter will actually change to 
width and depth. Lastly, in non-dimensional 
analysis, the specific length to use is not strictly 
enforced but consistent need to be followed. As 
long as the length used is specifically highlighted, 
it should be fine. 
Page 143 Para 1 Re increases with chimney width ratio and 
decreases with increasing depth ratio. Why so? 





 Normalization with stack height could be the 
reason.  
Page 153 Para 1 Why should solar chimney be used only under 
zero ambient air speed? Wouldn’t it better to 
design the chimney to make use of wind as well? 
Wind can enhance buoyancy effect if properly 
designed. 
 Indeed, design take wind into consideration but 
simulated the worst scenario of zero ambient air 
speed. Furthermore, if wind is present, cross-
ventilation may be a better option.  
Page 157 Para 1 High ambient temperature should not be the 
reason for uniform indoor air temperature. 
Temperature stratification was not seen from the 
figures because display scale was too large 
and/or high air flow rate was achieved to remove 
the heat from low heat flux imposed.  
 The figures were examined with lower display 







2nd Reviewer  
Locations Comments 
Chapter 2 Literature Review 
The works are very well classified and the 
information is given in a very organized way 
although some recent works are not included in 
the review. 
 Due to time constraint, newer literature is not 
updated. 
Chapter 3 Although the analysis is quite satisfactory, I am 
proposing to present the experimental results in 
more details and perform a deeper analysis. 
 Will explain the experimental results in more 
details during the oral defense. 
Chapter 4 The scope and the objectives of this part have to 
be better described at the introduction of the 
chapter. 




General With regards to the research problem, it is 
important to highlight the primary objective of solar 




since the pilot experimental work was based on a 
classroom setting to further refine the original 1st 
hypothesis. Is it applicable for other types of 
building? 
 Yes, it is applicable for other types of building, 
subject to low occupancy as the experimental and 
computational research is based on zero 
occupancy.  
General If the reply to the earlier comment is only for 
classroom, the title of the thesis may need to be 
specific. 
 The research is general and not restricted to 
classroom. For instance, in Chapter 6 the 
regression model is illustrated on a lecture hall.  
Page 7 The PMV computed in this study used Equation 1-
2 with consideration for air temperature and air 
speed in naturally ventilated buildings in 
Singapore. What about relative humidity (RH) 
given the local hot and humid context? If RH has 
been considered in the equation, it will be 
beneficial to specify the range of RH at which it 
was developed as it may be used by other people 




 It is assumed that the relative humidity is constant, 
which is usually so in the tropical hot and humid 
weather. Pilot study in ZEB gave an average 
relative humidity of 65%. 
General Air change per hour (ACH) has been mentioned in 
several published articles and in your work. Do 
you think it is sufficient when you are considering 
chimney performance? 
 ACH is not sufficient in examining the 
performance of solar chimney. Hence ACH should 
be considered together with the interior air 
temperature, interior air speed and interior air 
distribution.  
Page 52 The 1st figure of Figure 3-2 seems to show a 
short-circuiting of airflow between the corridoor 
and hall as indicated by the arrow.  
 There is indeed a possibility of short-circuiting. 
Hence, the design of solar chimney requires 
careful consideration. However, as this is the 
design of the level 3 Hall in ZEB, its negative 





Page 52 Would it be more effective to relocate the inlet of 
the chimney of the hall from the edge of the truss 
to below the roof level? 
 Moving the inlet from the edge of the truss (red 
solid arrow) to below the roof level (orange solid 
arrow) has no physical effects as that stretch of 
solar chimney is perforated and air was found to 
enter just below the roof level.   
 
Page 52/53 The explanation of the solar chimney system at 
ZEB can be clearer with the inclusion of additional 
photographs or figures for ease of understanding 




 The combination of Figure 3-2, Figure 3-3, Figure 
3-4 and Figure 3-5 as well as Table 3-1 need to 
be examined together in order to have complete 
understanding of the solar chimney system at 
ZEB.  
Page 54 “Calibrations were performed by comparing the 
sensors’ readings with hand-held equipment and 
inaccuracies were corrected.” How are they being 
carried out as the level of accuracy is crucial in 
your study since they are to be used to validate 
the computational mode and/or to develop the 
regression model? 
 The sensors (near the inlets and outlets) are 
calibrated with the Dantec sensors (interior air 
speed sensors) and compared over several days. 
Inaccuracies were corrected by the manufacturer.  
Page 55 How do you decide where to place your sensors in 
the chimney at ZEB to measure true air velocity? 
Candidate may want to consider with the aid of 
photograph to show the position of sensors fixed 
in the chimney. 
 Sensors within the chimney were placed at equal 





Page 57 “Classroom A1-2 on the “first floor” is partitioned 
into 2 regionsj” Do you mean “ground floor”? 
 Yes, it means “ground floor” and will be updated. 
General Based on your literature review and experience, 
what is the limiting distance for single-sided 
ventilation to become ineffective in a naturally 
ventilated building?  
 Due to the different mechanism between single-
side ventilation and cross ventilation as well as 
solar chimney, it is very hard to give an estimate. 
However, it is noteworthy that single-side 
ventilation is usually effective under high ambient 
wind. This is why the reference region of 
Classroom A1-2 is assumed as zero interior air 
speed during comparison.  
Page 60 Calibration of Dantec 54T33 draught probe was 
conducted in a wind tunnel with a speed range of 
between 0.10 and 5m/s and an accuracy 0.02m/s. 




such probe? How confident are you with the 
calibration? Is not, how would you do it? 
 The wind tunnel sensors are well calibrated and 
repeatedly tested on various experiments. 
Furthermore, the calibrations were conducted over 
a long period of time and over a range of air 
speed. Hence, the calibrations were done with 
confidence.  
Page 62 Figures 3-8 and 3-10 show that subjects are 
seated away from the fenestration. Were the 
experiments study carried out with this seating 
arrangement? What will be the implication on the 
results if the 15-20 subjects are seated in the 
middle? 
 The sitting arrangement during the perception 
study was different from the arrangement shown 
in Figure 3-8 and Figure 3-10. During the 
perception study, the 15-20 subjects were 
uniformly arranged inside the classroom, and 
hence were seated in the middle. 
Page 66 Internal heat load of between 5 and 20 W/m2 is 
applied onto the computational pure stack mode 




Is this a realistic assumption as it will be translated 
to about 16m2/person and 4m2/person 
respectively in a classroom [80W/person]? 
 The floor area of Classroom A2-1 is around 80m2, 
while the tables and chairs are arranged for a full 
capacity of 30 students. In high education 
institutions, a tutorial class usually consists of 16-
20 students and hence is a realistic assumption.   
Page 73 “At the same time, the highest air speed is located 
at AS-3, reaching a maximum of 0.49m/s and 
0.44m/s during the hot and cold days 
respectively.” How do you know if it is not 
contributed by the ambient wind via the windows? 
Furthermore, the difference is also not significant. 
 Indeed, it is undeterminable whether the interior 
air speed is caused by pure solar stack or a 
combination of solar stack and ambient wind 
(solar chimney effect). This is why the results of 
Classroom A1-2 are only used to determine the 
operability and performance of the solar chimney; 
the effects of ambient air speed are determined 





Page 73 Table 3-5 shows the PMV values for Classroom 
A1-2. It will be good to have a column for RH 
although your Equation 1-2 may have considered 
relative humidity. 
 The relative humidity is taken as a constant value 
of 65% and hence not included within the PMV 
values. 
Page 77 Air speed at AS-4 was found to increase 
significantly from 0.25m/s at original position to a 
maximum of 0.60m/s at the middle inlet position. 
What is the explanation of this phenomenon? 
 AS-4 is located just beside the solar chimney inlet 
and their distance become nearer as the inlet is 
shifted down. Near the inlet, as air is forced into a 
smaller opening, the air speed just before the inlet 
is higher and hence explained this phenomenon.  
Page 83 Table 3-7 shows that theoretical analysis is unable 
to explain the theoretical result at ZEB. What other 
likely reason(s), besides those mentioned in the 
manuscript? 
 Possible reasons may include the effects of 
ambient air speed as well as the various 




obtained based on smaller scales.   
Page 88/93 “Table 3-8 and 3-9 show that the experimental 
and computational data within solar chimney are 
reasonably similar.” How can this be true when 
the difference in air velocity is almost double? 
There is a need to substantiate with valid 
reasons(s).  
 The 5 point average interior output air speed 
within Classroom A2-1, experimental and 
computational results gave 0.42m/s and 0.85m/s, 
which is around twice as much. Considering the 
estimation of the velocity input at the fenestration, 
the modification of the outlet from circular to 
trapezoidal, errors are expected. Furthermore, the 
planar average interior output air speed is 
0.50m/s, very close to the experimental results. 
Hence, the experimental and computational 
results are considered similar. 
General What are the short-comings of the solar chimney 
at ZEB based on the results of your field study? 
What are your recommendations to improve the 
effectiveness of the solar chimney system? 




subjected to low ambient air speed and hence the 
interior environment should experience better 
thermal comfort under cross-ventilation. To 
improve the effectiveness of the ZEB solar 
chimney system, its width and depth should be 
widen to increase the interior air speed.  
Page 92/97 “Influence of internal heat load is found to be 
insignificant.” This goes back to my earlier 
comment for page 66 where the higher limit of 
20W/m2 seems rather unrealistic in a classroom. 
Higher intensity may yield different result. Internal 
heat load can be a substantial parameter to 
improve effectiveness of solar chimney based on 
some studies.  
 Indeed, continue to increase the internal heat load 
may have a more profound impact on the interior. 
This is an interesting topic and can be an area for 
further research (modeling heat load as human 
load instead of planar load). 
Page 106 Why must the duct be rectangular? Have you 
considered oval ductwork? 
 Among the literature, only Ekechukwu and Norton 




Technically, air flow in circular cross-section met 
with less resistance compared to rectangular 
cross-section. However, rectangular cross-section 
is much easier to manufacture and hence widely 
used. This is another interesting topic and too can 
be another area of further research.   
Page 120 Did the computational model include grilles at both 
the inlet and outlet of the chimney? 
 If grilles are included, the computational mesh 
needed to be further refined by several orders of 
magnitude and will greatly increase the 
computational cost. Computational model 
assumed that the impacts of the grilles are minor 
and hence not modeled.  
Page 120 Did the model include the solar radiation from the 
fenestration? 
 Solar radiation from the fenestration is not 
included within the computational model. This is 
because exterior shading was assumed just 
outside the fenestration, a common practice in the 
tropics to lower the exterior air temperature as 
well as its fluctuations.  




the entire room which is not likely to be the case in 
real life. There will be heat load from equipment, 
lighting etc. what is the likely reason for this 
observation? 
 The computation model assumed zero internal 
heat load. This may be the reasons why uniform 
air temperature is observed within the interior. As 
mentioned earlier, the effects of internal heat load 
is an interesting topic for further research.  
Page 123/124 “Interior air speed generally flows in a straight 
path across the interior from fenestration towards 
the solar chimney inlet.” How can this be possible 
in a room? It is rather idealistic.  
 This is a general observation. Air flow circulates 
within the interior although the main air distribution 
flows from the fenestration to the solar chimney’s 
inlet.  
Page 125 Why simulated data does not show temperature 
stratification in the room? 
 This may be due to the relative high exterior air 
temperature of 31oC without the presence of 
internal heat load. Temperature stratification is 







Oral Defense  
The topics of Air Change Rate (ACH), Internal Heat Loads and 
Validation Model compared to experimental data are widely discussed 
in the written comments and hence not repeated.  
 
Locations Comments 
Page 60 The sensitivity of the sensors needs to be noted. 
At such low air speed, if the accuracy is only 
0.5m/s, the Green Mark Scheme requirement of 
0.6m/s could be 0.1m/s or 1.1m/s. Furthermore, is 
repeated calibrations carried out throughout the 
experiments to ensure that the sensors accuracies 
are consistent? 
 The sensors are specially purchased to measure 
low air speed. The sensitivity of the sensors is 
0.02m/s but accuracy can be taken to be within 
0.1m/s with confidence. Yes, repeated calibrations 
are taken after every different stage of the 
experiments within the wind tunnel.  




carried out using radiative heat transfer and not 
convective? This may explain why the 
temperature increase concentrates on the ground 
surface and not on the interior’s air. 
 The simulations were carried out using the 
convective heat transfer. The interior air 
temperature did increase, although the increment 
was only about 1oC. The temperature stratification 
in the interior was not observed due to the high 
exterior air temperature and low interior’s height.  
Page 107 The physical model of the solar chimney, is a 
combination of both vertical and inclined ducts, 
will it be better to just concentrates on vertical 
ducts, with less flow resistance? 
 Yes, it indeed will be. However, for building with 
low height, this means that the solar chimney will 
go above the vertical façade and may not be that 
pleasing to the eyes and acceptable to the 
occupants. Hence, the idea of incorporating the 
ducts along the roof surface.  
Page 125 Surprised that the air flow in the room flows in a 
straight path and did not experience backflow. 




well as the solar chimney’s inlet. This may be due 
to the smooth flow path as the fenestration and 
solar chimney’s inlet are in-line with each other. 
However, circular backflow was observed in the 
interior as seen in Figure 5-8 outside the straight 
path.  
Page 136 The sensitivity of the regression model needs to 
be specific. The models are based on different 
cases where all the external air temperature is 
fixed at 31oC. If the external air temperature is 
changed to 25oC, the regression model may not 
work well at such a big temperature difference. 
 Yes, the regression models need to be highlighted 
that they are developed for the tropical weather 
(and maybe temperate countries which 
experience similar hot and humid summers).  
Hence the external environment must be similar 
before applying the regression models.  
 
 
 
 
